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Chapter 8
PHENOMENA AFFECTING ELECTKOMAGNETIC
PROPAGATION' i}

W rrooucrion [

- fhe two pringipal phenomena caused by
a

nuclear detonation that affect electromiagnetic
propagation are electromagnetic emissions and
ionization of the atmosphere. The short duration
electromagnetic pulse described in Chapter 7 is
in the first category. Also included in this first
category are continuing thermal radiation and
emissions from various chemical reactions within
the atmosphere. These radiations and emissions
produce noise throughout the radio and optical
spectra. The second phenomenon, atmospheric
tonization, involves alterations of the electrical
properties of the atmosphere that can affect the
propagaticn of electromagnetic waves. Both types
of effects are caused by energy radiated from the
nuclear explosion, from the subsequent fireball,
and from the radioactive debris. The severity of
the effects on the propagation of electromagnetic
waves may vary from being completely negligible
to intolerable degradation of system performance.
For the purpose of discussing the effects

on propagation, the electromagnetic spectrum is
divided into two frequency bands: the radio band,
which includes radar applications, and the optical
band, as shown in Figure 8-1. The most importanrt
effects in the r.dio band usually are those that
affect the propagation of the desired electro-
magnetic signal (effects that change the ampli-
tude, phase, direction, etc.). Electromagnetic
radiations from the fireball and other regions
can interfere with desired signals, and in some
cases. interference from other sources (e.g., at—
mospheric noise) will be enhanced or diminished.
The mnct important effect in the optical band
is radiation from the fireball and other regions

X

that interferes with desired signals. The source
of zbis radiaiion is described in Chapter 3.

ﬁ The current state of knowledge concern-
ing the effects of nuclear detonations on electro-
imagnetic wave propagation stems from tull scale
tests. laboratory experiments, theoretical studies,
and simplation with certain atmospheric phe-
nomena. Meaningful testing of high~-altitude nu-
clear weapon effects requires a sophisticated
space capability (e.g., instrumented rocket
probes), and only a relatively few high-altitudes
tests were performed prior to the test moratorium
in 1962,

q While those tests provided information to
develop models to caiculate the various phenom-
ena, considerable uncertainty exists in scaling to
burst or atmospheric conditions that are much
different {from those of the tests. All of the high-
altitude tests have been single bursts. Significant
differences are expected when two or more nu—
clear detonations occur near one another in time
and space.

Detailed theoretical descriptions for most
burst phenomena are highly complex and require
specification of poorly known parameters for
quantitative results, Laboratory measurements
have been used to obtain estimates of some
parameters, but usually the results have to be
scaled to conditions much different than those

Although the English system of units for measuring dis-
tance is given priority throughout most chapters of this manual,
wavelengths anc other dimensions dealing with electromagnetic
wave propagation usually are given in the metric system. There-
fore, in this chapter and in Chapter 17, the metric system is used
for distance dimensions. Conversion factors from the metric sys-
tem to the English system arc provided in Appendix B.
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Figure 8-1.. Optical and Radio Frequency Bands ’

used in the measurements. Some understanding
of electromagnetic p.opagation in disturbed en-
vironments has been obtained from propagation
measurements during eclipses, solar flares, and
auroral disturbances. However, natural phenom-
ena often involve the superposition of different
phenomena than those brought about by nuclear
bursts, and extrapolation to burst conditions can
be misleading.

SECTION 1
PHENOMENA AFFECTING

qlo FREQUENCIES -

The number of free electrons in the zt-
mosphere is increased greatly by weapon radia-
tions from high altitude bursts. These free elec~
trons can absorb energy from electromagnetic
waves and can change the phase velocity of the
waves (changing the direction of propagation
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and signal characteristics). Electromagnetic radia-
tions from heated regions and from trapped elec-
trons are a source of noise.

- IONIZATION AND
DEIONIZATION

- Most of the energy of 4 nuclear detonation
is emitted in forms that can produce ionization.?
Some of this energy is in particulate matter (neu-
trons, beta particles, and high-speed debris that
originally constituted the warhead and adjacent
structure), and some is in photons (thermal radia-
tion from the weapon case and gamma rays). Be-
tween 90 and 95 percent of the energy is emitted
promptly (within a microsecond); about 5 to 10
percent is delayed radiation from the radioactive
decay of fission debris.

2The jonization process is described in paragrzph 6-4, Chapter 6.
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. If a nuclear explosion occurred in a vac-
uvum with no magnetic field, the flux of radiated
energy would decrease as the square of the dis-
tance traveled. In the atmosphere, collisions and
scattering processes absorb energy and produce
tonization and excitation. (See Chapters 3, 4, and
5 for discussion of atmospheric absorption of
photons. rieutrons, and beta particles.)

9 Kadiatinn entering the atmosphere from
apbove is absorbed rapidly when it reaches the
altitude. termed the stopping altitude, where the
mean-free path equals one scale height (an alti-
tude region over which the atmospheric density
changes by 3 factor of e (approximately 2.7}
Stopping altitudes for the principal radiations
from a nuclear weapon are shown in Table 8-1.

Table 8-1 ‘ Approximate Stopping Alitudes

for Principal W apon Qutputs
Causing lonization ‘

Stopping

Weapon Output Altitude (km)

Prompt Radiation

x-rays (1 Xkev radiator) 80

Neutrons 25

Gammu rays 25

Debrir {kinetic ererpv} 115
Delaycd Radiation

{Gamma rays 25

¥:ta particles (1 Mev) 60

Fo: detonations below the stopping alti-
tude of a particular radiation, most of that radia-
tion will be contained locally. When detonations
occur above the stopping altitude of a particular
radiation, that radiation can spread large dis-
tances before beirg deposited and causing ioni-
zation. About 3 x 10* ion pairs are produced for
each 1 Mev of energy deposited in the atmosphere.

Since about 3 x 102 Mev are released per mega-~
ton of weapon yield, even a small fraction of the
weapon output can cause large electron densities.
The lifetime for many of the electrons produced
is short, however, and it depends critically on
the altitude at which they are produced.

Electrons and ions produced by the ioni-
zation sources undergo various atmospheric re-
actions that change their number density. Four
principal reactions must be considered:

1. Attachment. Electrons can attach to neu-
tral air particles (primarily to oxygen
molecules and/or atoms) to form negative
ions.

2. Detachment. Once attached, electrons
can be detached from negative ions by
collisions, solar radiation, or radiation
from the fireball.

3. Recombination. Electrons and positive
ions can recombine to form neutral par-
ticles.

4. Mutual Neutralization. Positive ions can
combine with negative ions formed by
attachment, to produce neutral particles.

- The rate at which these reactions proceed
is a strong function of altitude. Thus, the altitude
distribution of electron density after a period of
time generaily will not coincide with the altitude
distribution imimediately after the deposition of
weapon energy. Detailed solutions of the time
history of electron density require consideration
of a large number of atmospheric species. Many
reaction-rate coefficients are not well known,
even for the natural atmosphere. The uncertain-
ties in these coefficients provide a significant

.source of uncertainty in the prediction of elec-

tron density time history. In the natural atmo-
sphere above about 70 km, where neutral par-
ticle density is low, recombination accouats for
the major electron loss. At lower altitudes, at-
tachnent becomes increasingly important in the
removal of free electrons, particularly at mght
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wl !en there is no photodetachment of electrons

from pegative jons by sunlight.
ﬁ in heated or highly ionized regions, the

air chemistry (interaciion between species) is
modified, and electron loss processes are changed.
The expansion of heated regions also reduces
the electron density.

In discussing electron density caused by
nucCicar weapons, it is convenient and usefui to
consider the electron density resulting from
prompt radiation and delayed radiation sepa-
ratety. Also, since ionization and deionization
processes are significantly different inside and
outside the fireball, these regions will be dis-
cussed separately. Although electrons are the
principal cause of effects on electromagnetic
propagation, ions can affect propagation in the
VLF and LF bands (frequencies below a few
hundred kilohertz).

8-1 Electron Dengjty Within
the Fireball

F Initially the incandescent region termed
the fireball is highly ionized. For detonations
below about 60 km, thermal ionization of air
and debris from the weapon and carrier main-
tains high electron densities until the firebali
cools below about 2500°K. For cooler fireballs,
beta particles deposited withir. the fireball may
he a sienificant ionization source. Predictions
of electron density within the fireball require
knowledge of the distribution of temperature
and debris within the fireball, the shape of the
fireball as a function of time, and the detailed
chemistry of heated regions.

Detailed calculations, which have been
periormed for a few burst conditions, are im-
precise, particularly with regard to inhomagene-
ities and gradients in fireball pronersties. However,
for many cases, relativel’ simpie fireball mcdels
in which the mass density and temperature are
assumed uniform within the fireball can be used.
Figures 2-2 and 8-3 show calculated values of
ave-.ge fireball electron density and temperature
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following 1-Mt detonations at altitudes of 25 and
50 km, respectively. The calculations contained
the assumption tnat the fireball gas was i~ ther-
m uilibrium, as well as being homogeneous.

ﬁ When detonations occur above about 60
km, losses of free electrons within the fireball
are slower and the electron density does not de-
cay rapidly enough to remain in equilibrium with
the cooling fireball. Volume expansion controls
the decline of electron density during the first
few tens of seconds following detonation. Later,
recombination of electrons with positive atomic

ions predominates. .
j For detonations at altitudes above about

80 km, the geomagnetic field influences the fire-
ball expansion and location. After a few tens of
seconds, magnetic forces cause the expansion
across the magnetic field to become slower,
while expansion along the magnetic field con-
tinues. Thus, the fireball becomes elongated alorg
the magnetic field in a roughly cylindrical or tube
shape. Figures 8« and 8-5 show calcu.ations of
average fireball electron density anJd temperature
following 1-Mt detonations at altitudes of 75
and 150 km, respectively.

Photographs of fireballs affected by the
magnetic field show many field-aligned striations
within the fireball (see Figure 1-4C). The optical
striations also indicate large variaticns of electron
density within the fireball. The size of the stria-
tions and the variation of electron density from
the average value cannot be scaled accurately
with burst parameters at present.

For detonations at altitudes above about
300 km, the mean—free path of both X-rays and
debris particles is large, and localized fireball 1. .y
not form around the detonaticn point. However,
debris particles initially directed downward may
heat and ionize a region below the detcnation
point. This region, if sufficiently disturbed, is
termed a fireball region. The formation of a fire-
ball region depends on the detonaticn altitude,
the weapon yield, and the atmospheric density
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Figure 8-2. - Fireball Electron Density and Temperature, 1-iit at 25 km -
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at burst time. Figure 8-6 shows calculated values
of electron density and temperature within the
fireball following a 1-Mt detonation at an altitug.
of 400 km.

Only a few nuclear tests have been carried
out by the U.S. at detonation altitudes above
80 km;therefore, theoretical calculations of fire-
ball formation, size, location, and properties are
ao.cndinl on parameters that are poorly known,
Calculations of fireball properties for detonations
at aititudes above 80 km shouid be considered
illustrative of the general order of magnitude
rather than as detailed quantitative results.

8-2 Electron Density Caused by Prompt
Radiation Outside the Fireball i

lonization produced outside the firebail
by prompt gamma rays can be neglected insofar
as effects on radio propagation are concerned.
For detonations at altitudes below about 25 km,
beth neutrons and X-rays are deposited within
or close to the fireball, and the effects of prompt
radiation outside the fireball are minimal. For
detonation altitudes between 25 and about 80
km, X-rays are largely confined, but neutrons
produce ionization over distances of several hun-
dred kilometers. For higher altitude detonations,
both X-rays and neutrons cause widespread ioni-
zation. Figure 8-7 shows the initial ionization
caused by prompt radiation from a nominal
megaton weapon detonated at 120 km. Because
of earth’s curvature, radiation reaching a given
altitude at large horizontal distances from the
source must pass through lower altitudes where
it is strongly attenuated by the denser air.

The decay of electron and ion densities
following the ionization impulse depends on
electron and ion loss rates, which are functions
of altitude and time of day. Below about 100 km,
the electron and ion density after 1 second wili
be essentially independent of the initial ioniza-
tinn jf the initial ion pair density is greater than
107 jon pairs em™. This condition is termed

saturation; larger initial ionization will not in~
crease the electron or ion density remaining after
1 second. Figure 8-7 shows thai the initia] ion~
y1ir density below 100 km exceeds 107 ion pairs
cm~>out to about 500 km from the burst.

Figure 8-8 shows the altitude dependence
of the electron density for several times after a
saturation impulse. At night the electron con-
centration decays rapidly, particularly at low
altitudes where attachment of electrons to neutral
particles is the predominant reaction. During the
day, electron densities greater than normal can
persist for tens of minutes. The insert in Figure
8-8 illustrates the horizontal extent of the region
that can be saturated by prompt radiation as a
function of detonation altitude. The decay of

electron and ion densities above 100 km depends
on processes that may be affected by atmospheric
chemistry changes caused by the deposition of
prompt radiation, Because of the additionul com-
plications introduced at those altitudes, a simple
representation of the decay is not possible.
ﬁ Many of the neutrons produced by the
explosion wiii travel upward and will escape the
atmosphere. Since neutrons are not affected by
the geomagnetic field, they will spread isotrop-
ically over a large area. Each neutron eventually
disintegrates spontaneously into a proton, a neu-
trino, and a beta particle (half-life for disinte-
gration is about 12 minutes). Since the beta
particle {(a high-energy electron) is charged, it
can move only in the direction of the geomag-
netic field (motion normal to the magnetic field
direction causes the beta particle to spiral around
the magnetic field lines). The beta particles are
guided by the geomagnetic field until reaching
altitudes near the beta-particle stopping altitude
(see paragraph 8-4 and Figure 8-1Q), where they
deposit their energy to produce ionization. The
amount of ionization caused by neutron-decay
beta particles is small, but it has been noted at
distances of many thousands of kilometers from
the burst point.
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8-3 Electron Density Caused by Delayed
Gamma Radiation Qutside the Fireball

- In addition to prompt radiation, delayed

gamma rays and beta particles (discussed in
Section IIl, Chapter 5) are produced during the
radioactive decay of the fission debris. This con-
tinuing radiation produces ionization character-
ized by a production rate of ion pairs per unit
volume per unit time. For detonations below
several hundred kilometers, the fission debris
(assumed to n2 mixed with the total weapon
debris) is initially within the fireball and is carried
upward as the fireball rises and expands.

. Whnen the debris is below the gamma-ray
stopping altitude, gammarays can only penetrate
a short distance, and the ionized region that they
produce around the fireball is smali. if the debris
rises above the gamma-ray stopping altitude,
gamma rays produce ionization over larger dis-
tances. The resulting electron and ion densities
are a function of both the 1on-pair production
rate and the electron and ion loss processes.
Most of the gamma-ray energy is deposited near
the stopping altitude, but the electrons produced
below about 40 km are lost quickly by attach-
ment. Maximum electron density usually occurs
at higher altitudes where the electron lifetimes

8-1
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are longer, Near the debris region, where the
gamma ray flux is large, substantial electron
dersities can be maintained even though the
debi.s is at an altitude where free electrons are
lost by attachment rapidly.

' When the fission debris and the point of
interest are both well above the gamma-ray
stopping altitude, the ion-pair production rate
and electron and ion densities caused by gamma
rays can be expressed conveniently in terms of a

radiation intensity parameter, 17, defined by

4 x 107w

] 2
T 4aR3(1+)1?

watls m™,

where
Wy = fission yield in megatons,

812

R =radial distance from debris center to
point of interest in km,

f = time after detonation in seconds.

Figure 8-9 shows quasi-equilibrium eltctron den-
sities for particular values of 7. The values are
called quasi-equilibrium because they are the
values that would be reached if the production
rate remained constant and if sufficient time were
allowed for equilibrium conditions to be reached.
1n an actual situation, the production rate changes
with time because of the radioactive decay of the
fission debris and the changing geometry as the
debris moves. However, for most cases, the time
to reach equilibrium is short, and the quasi-
equilibrium values are close apnroximations to
the electron.densities. The insen in Figure 8-9
illustrates the horizontal extent as a function of
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debris altitude for which the electron densities
are anplicable.

Most delayed gamma rays deposit their
energy in the atmosphere by first producing high-
energy electrons (Compton electrons). Compton
ootias travel very short distances in the lower
atmosphere: however. some Compton electrons
produced above about 60 km can escape to the
conjugate region. as described for beta particles
in paragraph 8-4. lonization in the conjugate
region caused by Compton electrons is of interest
primarily for studies of propagation in and below
the HF band (frequencies below 30 megahertz).

8-4 Electron Density Caused by Beta
Particles Outside the Fireball

FSince beta particles are electricaily
ciarged, their motion in the atmosphere is af-

fevied 0y the geomagnetic field. When the fission

debris is above the beta-particle stopping altitude,
about half of the betas will travel down the
geomagnetic field lines, producing sonization
(similar to auroral ionization at hizh latitudes)
until they are deposited near the stopping alti-
tude. The other half of the betas (those emitted
upward) will follow the geomagnetic field lines
across the geomagnetic equator and will produce
jonization at the geomagnetic conjugate.’

Figure 8-10 illustrates the location of
the beta-particle ionization regions. Because of
the siope (dip angle) of the magnetic field lines,
the beta-particle ionization region is offset from
the debris. *Vhen the geomagnetic field is undis-
turbed by the detonation, the location of the

3As used herein, geomagnetic conjugate points are points at the
north and south ends of a geomagnetic field Line that are at
comresponding altitudes.
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betu-purticle ionization region can be determined
from a knowledge of the size and location of the
debris region and the geomugnetic field lines.
However, the geomagnetic field can be severely
distorted for tens of seconds after a nuclear
detonation. Determination of the magnetic dip
=t~ wnddneation of the conjugate point for un-
disturbed magnetic-field conditions are discussed
in Problems 8-8 and 8-9.
The location of the gamma-ray ionization
regioft and the region ionized by Compton elec~
trons escaping to the conjugate region are also

illystrated in Figure 8-10.
ﬁ The ion~pair production rate and elec-
tron

ensity caused by beta particles ¢ n be e2x-
pressed conveniently in terms of a radiation in-
tensity parameter, N,, defined by:

> £ 15
.88 x 10%Wg

TP A(I'H)l'z

betas cmsec”t, (8.1)
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where
A = area covered by fission debris in square
kilometers.

Figure 8-11] shows the quasi-equilibrium
electron density cuused by beta particles for
particular values of N,. These curves apply if the
fission debris is well above the beta stopping alti-
tude and if the debris is uniformly distributed
over the area A.

8-5 Electromagnetic Propagation in
tonized Regions ﬁ

An electromagnetic wave propagating
through an ionized region does work on charged
particles in the region and transfers a portion of
the wave energy to charged-particle kinetic en-
ergy. The electric field exerts a force on all
charged particles; however ions, because of their
larger mass, absorb less energy thun electrons and
can usually be neglected (an exception is wave
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pupagdtion at frequencies below a few hundred ionized medium. Electron collisions with other
kilohertz). If the electrons do nct collide with particles change the ordered motion of electrons
other particles, the energy is returned to the into random motion (heat), and energy is ab-
propagating wave without loss, but the phase of sorbed from the wave. For many cases of interest,

the wave is modified. Unless the geomagi.etic detonation-produced absorption is the overrid-
field is parallel to the electric field of the propa- ing effect on electromagnetic propagation and it
gating wave, some of the energy returned to the is the effect that is understood best.

wave will have an electric field that is perpendic

ular to the incident electric field. The propagation TRAVELING DISTURBANCES
wave then can be described as the sum of two  E AND F REGIONS OF IONOSPHERE

plane waves termed the ordinary and the extra-— The preceding paragraphs discuss
ordinary waves—which have different phase ve- 10n1zat10n sources from a nuclear explosion that
locities. One effect is to change the polarization add to the free electron content v, the atmo-
of the propagation wave as it travels through the sphere. Following Teak and Orange (megaton
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detonations at altitudes of 76 and 43 kilometers,
respectively: 1958 test series) and again during
Operation Fish Bow! (1962 test series), the nor-
mal E-region and F-region electron content ap-
peared to be disturbed by hydrodynamic or
hydromagnetic waves created by the detonation
{the E-region includes the volume from 90 to 160
kilometers altitude, and the F-region begins at
about 160 kilometers)

f

ELECTROMAGNETIC
RADIATIONS

A heated region emits thermal radiation
according io its temperature and emissivity. The
emissivity at a given frequency approaches unity
as the absorption becomes large (10 decibels or
more). The fireball may remain hotter than sev-
eral thousand degrees Kelvin for about a hundred
seconds. It may be sufficiently emissive for fre-
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quencies less than a few gigahertz that systems
with antennas pointing at the fireball would
register antenna temperatures equal to the fire-
ball temperature if there were no intervening
absorption outside rhe fireball. Generally, ab-
sorption caused by prompt and delayed radia-
tion outside the fireball will reduce the escaping
thermal radiation. Ihe effective antenna noise
temnerature will depend on the size of the fire-
ball relative to the antenna beam width, the lo-
cation of the fireball relative to the antenna beam,
and the absorption outside the fireball, as well as
the perature and emissivity of the fireball.

A second source of electromagnetic radia-
tion 1n the radio band is synchrotron radiation,
which is caused by beta particles spiraling along
geomagnetic field lines. A spiraling beta particle
continually accelerates, and, therefore, it radiates
electromagnetic energy. The radiation is maxi~
mum in the HF baad, and it is approximately
inversely proportional to frequency cubed for
higher frequencies. The radiation is concentrated
in the direction of the vector of electron motion.
Because of its directivity, low intensity, and fre-
quency dependence, synchrotron radiation does
not appear to degrade present military systems
serigusly.

assoreTioN [

Exact expressions for the absorption or
energy loss involve components of the earth’s
magnetic field as well as electron density, colli~
sion frequency (number of collisions an electron
makes per second), and wave frequency. For fre-
quencies above about 10 megahertz and when
bending of the wave is negligible, the incremental
path absorption can be tound from the following
equatjon.

Nev
a=46x 108 ——— dB/km, (8.2)
w? + 2
where ’
N, = electron density (electrons/cm?)
v = collision frequency (collisions/sec)

w = wave frequency (radians/sec).
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- Figure 8-12 shows incremental path ab-
ruipuun per electron per cubic centimeter as
a function of ultitude due to electron-neutral
collisions. Above about 1C0 ki, where the neu-
tral particle density is low, absorption due to
electron-neutral collisions is small: however, ab-
sorption due to electron-ion collisions may be
important. Figure 8-13 shows incremental ab-
sorpticn due to electron-ion collisions for a
temperature of 1000°K (approximate value of
the atmospheric temperature above 200 km).
The incremental absorption is proportional to
(1000/T)¥? for other temperatures. The dottesi
portion of the curves indicates the volume where
the electron density cuuses considerable bending

of the wave, and a more detailed solution is re-
quired to obtain better values for the absorption.
Figures 8-12 and 8-13 can be used with estimates
of electron density (obtained from Figures 8-2
through 8-9 and 8-11) to determine incremental
path absorption. The integral of the incremental
path absorption along the propagation path gives
the total path loss. Equation 8.1 and Figures
8-12 and 8-13 neglect ion-neutral collisions,
which are important at low frequencies (VLF and
LF bands). Problems 8-4 through 8-7 provide
methods for estimating total one-way path ab-
sorption for various propagation paths.

As was the case for electron density, it is
convenient and useful to present absorption in-
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eida tho firsholtund absorption caused by prompt
and delayed radiation outside the fireball sepu-
rately. With the exception of propugation paths

that pass close to the fireball, absorption outside
the fireball is maximum in the D-region (40 to
90 km). Generally it is sufficiently accurate to
consider the lurgest of the sepurate absorptions
as the total absorption along a particular propaga-

tion path.
ﬁ Scaling relations for the attenudtion of

low Irequencies (VLF and LF bands) are difficult
to present. because the amount of absorption for
a particular propagation path depends in detail on
the penctranon of the wave into the atmosphere.
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A description of low-frequency propagation in
nuclear environments is given in Chapter 17.
Scaling relations for absorption of propagdtion
at frequencies greater thun a few megahertz are
given in succeeding puragraphs; however detailed
solutions of absorption for propagation paths
associated with communication and radar systems
usually require numerous calculations that cun-
not be obtained readily from simple hand-
computation procedures. Figure 8-14 shows the
burst conditions (detonation altitudes and yield)
for which prompt and delayed radiation can cause
absorption outside the fireball. The figure can be
used in conjunction with the discussion in para~
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graphs 8-7 and 8-8 to determine whether ab-
sorption outside the fireball need be considered
and which radiation sources are important.

8-6 Absorption Within the Fireball

Fireball ionization is localized and ver
intense: for most purposes, the fireball may bg
considered opaque at all radio frequencies for at
least a few seconds. Calculations ot the magnitude
of absorption at a given time, or the duration of a
given magnitude of absorption, are subject to
considerable error because of uncertainties in
predictions of the electron density within the
fireball (see paragraph 8-1}and the fireball geom-
etry. Methods for estimating fireball size and
absorption through the fireball are given in Prob-
lems 8-1 through 8-4.
- For detonations below about 80 km and
weapon yields greater than 100 al, absorption
through the fireball is expected to exceed 25
decibels for about 50 seconds at 10 gigahertz
and for longer than 100 seconds at | gigahertz.

and propagation path.

Becuuse the fireball rises a significant distance
during these time periods, the duration of deg-
radation due to absorption will generally be
determined by the relative motion of fireball




Outside the Fireball

Absorption outside the fireball caused by
prompt radiation may last from tens of seconds
in the VHF band to tens of minutes in the HF
band for daytime conditions. At night the ab-
sorption decreases more rapidly. For bursts be-
low about 100 kilometers, the horizontal radius
of the prompt absorption region only extends a
few hundred kilometers from the burst point;
for higher detonations the extent can be much
longer.

8-7 Absorution Caused bﬂm‘lpt Radiation

8-8 Absorption Caused by Delayed . adiation
Outside the Fireball

Absorption caused by delayed radiation

(gamma rays and beta particles) is a function of
the location and distribution of the fission debris.
Estimates of debris rise and expansion for use in
computing delayed-radiation effects are given in
Problems 8-1 through 8-3.
n Delayed gamma rays can produce signif-
i bsorption when the debris is at altitudes
above about 25 kilometers. Problem 8-6 describes
methods that can be used to estimate one-way
path absorption. The horizontal extent of the
atiirption region caused by gamma rays de-
pends on weapon fission yield, debris altitude,
time after burst, and wave frequency. The insert
in Figure 8-9 shows the maximum possible extent
of ionization and, thus the maximum extent of
absorption; for most cases the region of significant
absorption will be smaller.

When the debris is above about 60 kilo-

meters, beta particles produce D-region absorp~

tion at the burst locale and on the opposite side
of the magnetic equator. Figures 8-49 through
8-51 can be used to obtain estimates of absorp-
tion caused by beta particles in terms of the beta-
radiation intensity parameter that was defined in
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paragraph 8-4 for debris above the beta-particle
stopping altitude (60 km). The location of the
absorption region is offset from the debris region
because of the effect of the geomagnetic field on
the motion of beta particles, as illustrated in
Figure 8-10. The horizontal radius of the ab-
sorption region is approximately equal to the
debris radius. This radius can vary from a few
kilometers to a few thousand kilometers depend-
ing on weapon yield, detonation altitude, and
time after burst.

PHASE CHANGES .

Phase changes resulting from propagation
through a region of uniform electron density
affect propagation velocity and signal charac-
teristics. Relative phase changes due to gradients
in electron density change the dircction of propa-
gation and scatter energy from the propagating
wave. Some phase effects become important oaly
for electron densities that cause significant ab-
sorption. Evaluation of direction chianges and
scattering requires detailed information corcern-
ing the spatial distribution of electron density,
which is difficult to predict theoretically and
for which there is only limited experimental data.

8-9 Velocity of Propagation .

Within an ionized region the phase ve-
locity is increased over that in vacuum, but the
group velocity, associated with the transmission
of energy, is reduced. The increased time re-
quired to propagate energy through the region
is proportional to the integral of electren density
along the propagation path. Typical values of
time delays associated with ionization cauced
by nuclear bursts range from a few nanoseconds
to a few tens of microseconds. The larger time
delays usually are accompanizd by significant
absorption when the ionized region occurs below
100 km.

The phase velocity in an ionized region
depends on the frequency. Therefore, the region

P L




separates waves of different frequencies, i.e., the
region is dispersive. The significance of disper-
sion depends critically on the type of signal being
propagated and the type of signal processing
being employed. For frequency-modulated sig-
nais., dispersion causes intermodulation and har-
monic distortion. For digital systems, dispersion
causes pulse-envelope distortion. Dispersion ef-
fects caused by electrons below 100 kiiometers
appeal w be negligible when compared to ab-
sorption. At higher altitudes. electrons can only
cause important dispersion effects for wide-band
signals (bandwidths of the order of I percent or
more of the carrier frequency), and these effects
will probably only occur for propagation paths
through fireball regions after the electron density
has decreased sufficiently that absorption is not
overriding.

8-10 Frequency of Propagation .

A time~dependent phase change is equiv-
alent to a frequency shift. The frequency shift is
proportional to the time rate of change of the
electren density integral along the propagation
path. Frequency changes may be caused by
changes in electron density with time along a
fixed propagation path or by motion of the pro-
pagation pathin aregion of inhomogeneous elec~
tron density. For a fixed propagation path, fre-
guencv changes caused by nuclear-weapon-
produced 10nization are small (a few hertz fora
10 megahertz signal) by a few seconds after
burst. Larger frequency changes may occur when
the propagation path moves through regions of
high electron density, such as the fireball; how-
ever, in those cases absorption generally will be
overriding. .

8-11 Direction of Propagation .

' Spatial gradients in electron-density can
change the direction of propagation. When the
electron density gradient is steep, part of the

energy can be reflected. Reflection is important
in the propagation of low frequencies (tens of

kilohertz) over paths that are remote from the
fireball. It also may be important in the propa-
gation of much higher frequencies for paths that
pass near the fireball, where high electron density

adients can exist.
Smaller electron~density gradients cause

ray bending (refraction). Refraction in the am-
bient ionosphere (E- and F-region) is important
for beyond-the-horizon propagation in the HF
band. For radar systems, refraction in the D-
region caused by nuclear-burst-produced ioni-
zation normally is accompanied by significant
absorption. Possible exceptions may occur if the
propagation path passes close to the fireball or
close to 1:gions ionized by beta particles (par-
ticularly when the propagation path is nearly
parallel to the geomagnetic field lines). Changes
in the E- and F-region electron density caused
by the fireball or by traveling disturbances may
modify HF and VHF propagation significantly.
E- and F-region eleci;on densities sufficient to
change the direction of propagation at higher
frequencies by a few degrees can occur without
causing significant absorption.

8-12 Scatter and S-intillation -

Inhomogeneities in the propagation me-
dium (variations in the dielectric constant of the
medium) cause a small amount of incident energy
to be scattercd away from the original propa-
gation direction. The dirsction of scatter depends
on the shape of the inhomogeneities and their
orientation relative to that of the incident beam.
Energy that is forward scattered as the wave
traverses inhomogeneous regions can cause fluc-
tuations in the amplitude and the phase of the
wave, called scintillation. The phase fluctuations
are equivalent to fluctuations in the direction of
propagation that result in random variations in
the angle of arrival of received signals. Smali
amounts of backscattered energy can produce
interference to radar systems calied clutter.

The analysis and quantitative description
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of scatter requires a statistical model of the_Significant backscatter has been observed
T

spatial distribution of inhomogeneities in the
propagating medium. Sufficient information
from which such models could .be constructed
for nuclear-weapon-produced ionization is not
available. There are limited experimental data
from nuclear weapon tests concerning backscat-
ter; however, interpretation of these data is
difficult, and sufficient infoimation for the con-
struction of a complete empirical model is not
available.

8-2

om fireball regions from a few tens of seconds
to a few minutes after burst. Figure 8-15 shows
the general order of magnitude of the surface
scattering coefficient (multiply by the area of
the scattering surface to obtain radar cross sec~
tion) derived from experimental data. Below
about 20 km, scattering is apparently due to vari-
ations in air density across fireball boundaries
and across shock waves. For surface bursts, dust,
dirt, and water vapor appear to cause backscatter




from the stem of the rising cloud. Backscatter
from fireballs above 20 km can be explained in
terms of partial reflection, or scatter from in-
homogeneities in electron density in the fireball
or in the shock fronts. The cross section appears
to decrease with increasing frequency. The mini-
mum in the apparent cross section near 20 km is
due to several mechanisms, the prime of which is
the absorption sheath caused by beta particles
escaping from the fireball. The scattering coef~
ficients shown in Figure 8-15 are only illustrative;
observed values vary over an order of magnitude,

- depending on the relative geometry of propaga-

tion path and fireball, the characteristics of radars
used in obtaining the data, and the time after
burst.

Backscatter is also observed from regions
of*Ticld-aligned jonization (ionized regions that
are elongated along the geomagnetic field, often
referred to as auroral ionization) which can be
produced above about 80 km by beta particles.
Field-aligned ionization can also occur within
the fireball after a few tens of seconds for deto~
nations above about 80 kilometers. The magni~
tude of backscatter is aspo.. sensitive; maximu 1
backscatter occurs when the propagation path .5
normal to geomagnetic field lines. Backscatte,
from field-aligned ionization is thought to be a
volume effect; vclume scattering coefficients of
about 10°3 m?/m3 at 400 MHz have been ob~
served from beia-particle jonization regions, Sig-
nificantly larger coefficients may occur from
field-alizned ionization caused by the fireball.
The cross section scales inversely as about the
4.5 power of frequency. Returns have been re-
corded for several hours after burst.

SECTION 11

METHODS FOR CALCULATING
ABSORPTION OF RADIO

FREQUENCIES -
- As discussed previously, absorption fre-

quently is the most important phenomena af-
fecting propagation of radio frequencies; how-
ever, detailed solutions of absorption for propa-
gation paths associated with communication and
radar systems usually require numerous computa-
tions that cannot be obtained readily by hand
calculations. The procedure for calculating ab-
sorption that are described below offer a means
for obtaining reasonable estimates of radio fre-
quency absorption for many situations of interest,
however, the user should maintain awareness of
the limitations defined for each of the cal-
culations.

* The calculation of the absorption of radio
fréQuencies will be described separately for three
conditions: absorption of propagation paths going
through the fireball, absorption caused by prompt
radiation outside of the fireball, and absorption
caused by delayed radiation outside of the fire~
ball (this last condition is divided further into
absorption caused by delayed gamma rays and
zbsorption caused by delayed beta particles).

Prior to the determination of the absorp-
tion along any of the paths discussed above, the
size and location of the fireball region and/or
the debris region must be determined. The spatial
and temporal characteristics of the fireball and
the debris regions created by nuclear bursts are
complex. ldealized geometric model. have been
adopted for the purpose of analysis. The dimen-
sions of three scaling models, based largely on
interpolations of data from high-altitude nuclear
tests, are used to represent detonations in three
burst altitude regimes; below 80 kilometers, be-
tween 85 and 120 kilometers, and above 120
kilometers. The characteristics of the fireball
anc the debris are discussed separately for these
three burst altitude regimes in succeeding para~
graphs. Figure 8-16 illustrates the idealized geo~
metric models referred to in the discussions.
Dimensions shown in Figure 8-16 are defined
in the discussions or in the illustrative prob-
lems that follow.
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8-13 Size and Location of Firebali and
Debris Regions for Detonations
Below 85 Kilometers

- When a nuclear weapon is detonated at
an altitude below about 85 kilometers, the fire-

ball initially is a reasonably well defined ard
relatively small spherical region (see Chapter 1).
After the fireball is formed, it expands and rises
above the detonation point, carrying the fission
debris with it. Depending on the weapon yield
and the detonation altitude, the fireball may
become toroidal in shape as it rises. After rising,
the fireball will become stabilized in altitude
and will diffuse into a pancake shape.

If the fireball rises above 200 kilometers,
it 1s assumed to fall back to 200 kilometers, If
the peak altitude of the fireball is less than 200
kilometers, it is assumed to stabilize at its peak
altitude,

’ The initial fireball radius is the parameter
used to determine whether the fireball will form
a toroid. The toroid is assumed to transform into
a pancake at 7 minutes after burst. with a vertical
thickness equal to the vertical dimension of the
toroid at 7 minutes. If the fireball does not form
a toroid, the fireball is assumed to transform
from a sphere to a pancake when the radius be-
comes 100 kilometers. The vertical thickness of
the pancake is assumed to be 100 kilometers.

The model provided for determining the
location of the debris is intended for calculation
of delayed-radiation {gamma rays and beta par-
ticles) effects. For times later than a few tens of
minutes after burst, the size and location of the
debris region will depend on atmospheric winds
and diffusion, and the model may be consider-
ably n error.

' Figures 8-19 through 8-25 are used to
determine the spatial and temporal history of
the fireball (and the debris), for bursts that
occur below 85 kilometers.

8-14 Size and Location of Fireball and
Debris Regions for Detonations
Between 85 and 120 Kilometers .

When a nuclear detonation occurs be-
tween 85 and 120 kilometers, the fireball trans-
forms from a sphere to a cylinder or tube aligned
along the geomagnetic field. The model used for
the calculations described herein assumes that
the fireball stabilizes at its maximum altitude
above ground zero. The fireball radial dimension
also is assumed to remain constant after 7 min-
utes. A fireball region is not defined for times
Jonger than 2 hours after burst.

é Delayed radiation {(gamma 1ays and beta
particles) is assumed to be emitted from a single
debris pancake, which is assumed to rise with the
fireball and then to setile slowly along the geo-
magnetic field until it reaches 200 kilometers
altitude at approximately 2 hours after burst.
As the debris settles, the center is offset from
ground zero toward the nearest magnetic pole,
as illustrated in Figure 8-17. Figures 8-19 through
8-29 are used to determine the spatial and
temporal history of the fireball (and the debris)
for bursts that occur at altitudes between 85
and 120 kilometers.

8-15 Size and Location of Fireball and
Debris Regions for Detonations
Above 120 Kilometers

Theoretical and experimental data are
incomplete for this altitude region; therefore,
scaling relations are given only for a few para-
metric yields and detonation altitudes. Three
shapes are used to model the fireball region: a
sphere, a pancake, and a cylinder or tube aligned
along the geomagnetic field. Figure 8-16 illus-
trates the fireball geometry.

‘ As the detonation altitude is increased
above 120 kilometers, the debris is distributed
over a larger region. Some debris can be trans-
ported across the magnetic equator. The single~
pancake debris region used at lower altitudes to
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mode| delayed radiation effects is not adequate,
so multiple regions are used.
F Up to three debris regions are used to
etermine the delayed radiation resulting from
detonations above 120 kilometers. Figure 8-18
illustrates the geometry. Two of these regions
vivegivsee 2 wiG 2) model debris in the burst
region, and the third (Region 3) models debris
transported across the magnetic equator to the
conjugate region. For convenience and because
little is known about the debris location in the
conjugate region, the beta-particle ionization in
the burst and conjugate regions associated with
Debris Region 3 is assumed to coincide with that
associated with Debris Region 1. Debris Region 3
is used to compute gamma-ray ionization in the
conjugate region. For weapons detonated above
250 kilometers, Region 2 is used to determine
both gamma-ray and beta-particle ionization.
in the mode] used herein, the fraction of

8-26

debris transported across the magnetic equator is
assumed to be independent of geomagnetic dip
angle for detonations above 250 kilometers. A
small amount of debris can reach the conjugate
region for detonations below 250 kilometers and
low dip angles. The time required for the debris
toreach the conjugate region dvpends on detona-
tion altitude and geomagnetic dip angle; how-
ever, for purposes of calculating delayed gamma
radiation, the debris can be assumed to reach the
conjugate region immediately after burst.

H About 20 percent of the debris {or deto-
n above I 20 kilometers is not accounted for
in the model. This debris is assumed to escape 1o
large distances; some may be carried into space
and some may be spread world-wide. At least
part of this debris will be trapped on the mag-
netic field lines above the burst. While this debris
probably 15 not important for single bursts, it
could cause significant delayed radiation after
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inle weapon detonations.
After rising to peak altitude, the three

ebris regions are assumed tu settle along the
geomagnetic field lines until they reach 200

8-28

kilometers altitude at about 2 hours after burst.
The debris regions are offset from ground zero
or the conjugate of ground zero toward the
magnetic pole.




Probiem 8-1 Calculation of Fireball Size, Shape, and Location
for a Burst Below 85 Kilometers

- Figures 8-19 through 8-25 contain fam~

ilies of curves with which the size, shape, and
location of the fireball resulting froin a nuclear
deionation below 85 kilometers may be esti-
mated. For bursts in this altitude regime, the
debris altitude h; is assumed to be the same as
the rirebaii altitude k4. The debris is distributed
non-uniformly within the fireball region. How-
ever, for simplified calculations of delayed radia-
tion effects, the debris region can be assumed to
be a thin pancake region with radius R 4 equal to
the fireball radius R ;.

The altitude of the fireball at a time ¢
alles burst is obtained from Figures 8-19 through
8-22 by a series of steps, as follows:

1.  Enter Figure 8-19 with the weapon vield
and detcnation altitude ho to obtain hr’ the
distance the fireball will rise above the detona-
tion point. The maximum fireball altitude, &,,,
is

hy = by + h, km.

Enter Figure 8-20 with k, to obtain the time
required to reach maximum altitude ,. 1f 1 >1¢,
and h,,, <200 km, go to 3; otherwise go to 2.

2. If ¢+ <1, enter Figure 8-21 with time
after burst and h, to obtain hy, an altitude
normalizing factor. If hm > 200 km, enter
Figure 8-22 with 7 = t/r, to obtain f},» the fire-
ball height factor.

3. Compute hfo’ the fireball altitude at
time r:

((h, + hyh ) km
when t < ¢,
' h ki
hfb = < m
when ¢ > 1, hm < 200

[200 + 1, (n,, - 206)] km
\ when t > z,, hm > 200

- The radius and shape of the fireball at a
time ¢ after burst are obtained from Figures 8-23
through 8-23, as follows:

1, Enter Figure 8-23 with weapon yield
and detonation altitude &, to obtain the initial
fireball radius R ,. If R , <4 km, go to 2; other-
wise go tc 3 when ¢t < 7 minutes or go to 4 when
2 7 minutes.

2. Determine Lioroid- the time of toroid
formation, from Figure 8-24 by selecting the
fireball radius curve for the value of R, deter-
mined above, by locating the intercept of this
curve with the toroid formation time curve, and
by reading yoroid O the abscissa.

3. Enter Figure 8-24 with the time of in-
terest ¢ and the initial fireball radius R ,. Deter~
mine Rﬂ,, the fireball radius at time ¢, then go
to 5.

4. Enter Fipure 8-24 with ¢t = 7 minutes
and the initial fireball radius R ; obtain the fire-
ball radius at 7 minutes after burst, R 5 (7). Enter
Figure 8-25 with 1 and A, to obtzin AR. Com-
pute R 10 38 follows:

ij = ij(7) + AR.
5. The fireball will be a

sphere if R, <4 kmand . < Veoroid» ©F if

R, > 4 km and Rﬂ, < 100 km;
toroid if R, <4 km and ! oroid <t < 7 minutes;

pancake if Ro € 4 km and ¢ = 7 minutes, or if
Ro >4 km and Rﬂ, < 100 km.

If the fireball shape is a toroid, compute the
inner toroid radius:

R
=_Jb
Rinner ]
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If the fireball shape is a pancake, compute the
pancake semithickness:

I
Z Rp( R, < 4 km

50 R, > 4 km.

- Examm’e-

Given: A | Mt weapon burst at an altitude
of 50 km. -

Find: The size, shape, and location of the
fireball and debris region 2 minutes after the
burst.

Solution:

a. From Figure 8-19 &, = 50 km for a
I Mt weapen burst at 50 km.

b. hy, = h, +h, = 50 + 50 = 100 km.

c. From Figure 8-20, 7, = 10 min for A, =
50 km.

d. From Figure 8-21, hipy = 0.6 for # = 2 min
and &1, = 50 km.

e. Sincet < L.

hg = h, + hyh, = 50 + (0.6)50) = 80 km

f. From Figure 8-23, R, = 2 km for a
I Mt weapon detonation at 50 km.

g. From Figure 8-24, ¢ = 1.7 min for

Ro = 2 km.
h. From Figure 8-24, Rﬁ,
after a burst with R, = 2 km.

i. Since 2,0 <t < 7 minutes, the fireball
shape is a toroid, and

R
_8m _ 30
Riner = 2T T

toroid

= 30 km 2 min

= 15 Kkm.

Answer: The fireball is a toroid centered at
80 kilometers altitude. The outer radius is 30
kilometers and the inner radius is 15 kilometers
(see Figure 8-16). The altitude and radius of the
debris pancake are 80 kilometers and 30 kilo-

s, respectivel
rﬁ Reliability The size and location of
the debris region depend on atmospheric winds
and diffusion. Since these effects are neglected

in the mode! described herein, the results pre-
dicted by the model may be considerably in

e
ﬁ RelatedMateriaI. See paragraph 8-13.
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Problem 8-2 Calculation of Fireball Size, Shape, aud Location
for a Burst Between 85 and 120 kilometers

' Figures 8-19 through £-29 contain fam-
ilies of curves with which the size, shape, and
location of the fireball resulting from 2 nuclear
detonation between 85 and 120 kilometers may
be estimated. For bursts in this altitude regime,
the fireball transforms from a sphere to a cyl-
inder or tube aligned along the geomagnetic field
line. A fireball region is not defined for times
after burst greater than 2 hours.

# The altitude of the fireball at a time r
after burst is obtained from Figures 8-19 through
&-21 by a series of steps, as follows:

1. Enter Figure 8-19 with weapon yield W
and detonation altitude A, to obtain h,, the
distance the fireball will rise above the detona-
tion point. The maximum fireball altitude, &,
is

hm = hr + ho km.

Enter Figure 8-20 with k, to obtain the time to
reach maximum altitude #,. If 1 = 7, go to 3;
otherwise go to 2.

2. Ifr <t, enter Figure §-21 with time
after burst and &, to obtain ky, and altitude
normalizing factor.

3.  Comnute hﬂ,, the fireball altitude at
time 1:

(ho + hNhr) km
t < t, minutes

hfb=

y hp km
( f, <t < 120 minutes

- ‘ The radius and shape of the fireball at a
time r after burst are obtained from Figures 8-23,
8-24, and 8-26, as tollows:
1. Enter Figure 8-23 with weapon yield and
detonation altitude A, to obtain fireball radius
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R,. Enter Figure 8-26 with weapon yield to ob-
tain the magnetic equilibrium radius R . Deter-
mine the time to reach R, t, from Figure 8-24
by selecting the fireball radius curve for the value
of R, obtained from Figure 8-23 and by deter-
mining the time when the fireball radius (R4 } is
equal to Req. If ¢t >t go to 3;otherwise go'to 2.
2. Enter Figure 8-24 with r and R, tc ob-
tain R 4, the firebali radius at time £. Go to Step 4.
3.  Compute Rﬂ,:

(Reg + (t - 1) R, km
t < 7 minutes,

Rﬂ, =
(Req + (7 -1) Roi km
t 2 7 minutes.

4. The reball shape willbe a

sphere if ¢+ < t'
tube if t = ¢°

- If the time of interest ¢ is greater than ¢
the time to reach the magnetic equilibrium radius,
the tube fireball dimensions are obtained as
follows:

1. If t">t, (obtained from Figure 8-20
above), go to 2; otherwise enter Figure 8-21
with ¢ = ¢ 'and h, (from Figure 8-19) and obtain
byt ),

2. Compute hﬂ,(t )

(h, + hpy(tIh,) km
' < 1, minutes,
hﬂ,(t) =

h km

t' > 1, minu'es.

m

Compute the altitude of the base of the

f




(' A

tube hb (hy, is taken as the altitude of the
base if &y, > 200 km):
hb = hﬁ,(f ‘} - Req km.

Compute the length of the fireball up
the tube in the direction of the magnetic
field line, Lup:

Lup=6(t-r')Ro+Rﬂ, km.

Compute the quantity L"

hg - h
1 b
o km by < 200 km
L=
hy - 200

where ¢ is the magnetic dig angle at the burst
tocation. If the magnetic dip angle is not known
for the burst location, it can be determined from
Figure 8-54. The length of the fireball down the
tube will be the smallerof L, and L "

If the time of interest ¢ is equal to or less
than f,, the time to reach maximum altitude, or
if the maximum fireball altitude, hm, is less than
200 kilometers, the debris altitude, hd, is deter-
mined from the fireball altitude as described be-
low. If ¢he time of interest is equal to or greater
than the time to reach maximum altitude (1 2 ¢,),
and the maximum fireball altitude is greater
than 200 kilometers (k,, > 200), Figure 8-27 is
entered with the quantity (7 - 1,) to obtain the
debris height factor f;. The debris altitude is
then determined as follows:

€ t, min
hd = h km

< m
t = t, min, hm < 200 km

[200 + f(h,, - 200)] km
\ t & t, min, h, # 200 km

If the maximum fireball altitude, hm, is
equal to or less than 200 kilometers, the debris
offset is zero (see Figure 8-17). If &), is greater
than 200 kilometers, enter Figure 8-28 with ,,,
and the magnetic dip angle, ¢, to obtain the max-
imum debris offset D;. Then enter Figure 8-29
with the quantity (# - 7.) to obtain a value of the
debris offset correction factor f,. The debris
offset, Ad, is:

Ad = f,D. (h, > 200 ki)

- The radius of the debris is obtained from
previously determined dimensions, as follows:
(
Rﬂ, km

t < 120 minutes

[Req + {7 ~1t) R,
+ 3 (1t -120] km
\ ¢t > 120 minutes

. Example-

Given: A 1 Mt weapon burst at an altitude
of 100 km, at a location where the magnetic dip
angle, p, is 60°.

Find: The shape, size, and location of the
fireball, and the altitude, radius, and offset of
the debris region 20 minutes after the burst.

Solution:

a. From Figure 8-19, A, = 800 km for a
1 Mt weapon burst at 100 km.

b. h,, =h, +h, =800+ 100 =900 km.

c. From Figure 8-20, f, = 7 minutes for
h, = 800 km.

d. Since t, <t

hy = By = 900 km

e. From Figure 8-23, R, = 15 km for a
1 Mt burst at 100 km altitude.
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f. From Figure 8-26, Req = 100 km for a
1 Mt weapon.

g. From Figure 8-24, t’' = 0.9 min for
R,=15kmand Rﬂ, =Req =100 km.

h. Since t > 7 min, the fireball shape is a
tube, and

Ryg *(1-1) R,
100 + (6.1)(15) = 192 km

Rp,

i. From Figure 8-21, hN(t) = 0.25 for
t=1t'= 0.9 min and h, = 800 km.

j. Since t'< 1,

hfb(r‘) hy, * hylt) h,

100 + (0.25)(800) = 300 km.

k. The height of the fireball base is
hb = hﬂ,(i') - Req = 300 - 100 = 200 km
1. The length up the fireball tube is

Lup

6t - 1) R, + Ry,
(6)(19.1)(15) + 192 = 1911 km

m. Since 25, = 200 km, the quantity L 'is

,_Mp - hp 900 - 200

sin ¢ 0.87 = 810 km

n. Since L '<Lup
Lyown = L= 810 km.

o. Since 7 > ¢, and h,, > 200 km, tiie quan-
tity f, must be determined from Figure 8-27.
Entering Figure 8~27 with 7~ = 13, the quan-
tity is determined to be

fh = 0.9.

The altitude of the debris is, therefore,

200 + fyihy, - 200)
200 + (0.9)(900 - 200) = 830 km.

hy

p. From Figure 8-28, the maximum debris
offset Dy = 350 km for ¢ = 60° and &, =900 km.
From Figure 8-29, the debris offset correction
factoris f,, = 0.1 for (t - t,) = 13 min. Therefore,
the debris offset is

Ad = f,D; = (0.1%350) = 35 km.
g. Since ¢t < 120 minutes,

Rd = Rﬁ) = 192 km.
Answer:

a. The fireball is a tube with dimensions as
follows (refer to Figure 8-16):

hg, = 900 km,
Ry, = 192 km,
L,, = 1911 kn,
Lgoyy = 810 km.

b. The debris region is a pancake with a
radius of 192 km centered at an altitude of 830
km. It is offset 35 km towards the north pole
fr he burst point(gefer to Figure 8-17).

Re!iability” The size and location of
the fireball and debris, particularly late time
debris expansion, are affected by atmospheric
winds and diffusion. Since these effects are ne-
glected in the model described herein, the re-
sults predicted by the model may be co.siderably
in error.

Related Ma teric. See paragraph 8-14.
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Problem 8-3 Calculation of Size, Shape, and Location of Fireball and Debris
Regions for a Burst Above 120 kilometers

- Table 8-2 and Figures 8-27 through 8-38
contain data with which estimates may be made
of the size, shape, and location of the fireball and
the debris regions for nuclear detonationsabove
120 kilometers. As discussed in paragraph 8-15
and shown in Figure 8-18, three separate debris
regions are considered. Three shapes are used to
model the fireball region: a sphere, a pancake,
and a tube (cylinder) along the geomagnetic
fie}d. The shapes are illustrated in Figure 8-16.
Table 8-2is used to determine the fireball
size, shape, and location (note that time after
burst is given in seconds in Table 8-2), The table
provides relations for a few parametric yields and
detonation altitudes, In view of the uncertainties
in both theoretical and experimental data in this
burst altitude regime, interpolation between sec~
tions of Table 8-2 is not warranted. Data pro-
vided in the table fcrthe yield and altitude com~
bination nearest to those desired should be used.
If either the desired yield or the desired detona-
tion altitude is midway between values given in
the table, values for the next higher yield and/or
detonation altitude should be used. The phenom-
enology is very uncertain for yields greater than
10 Mt. If estimates are required for yields greater
than 10 M1, the dimensions and location given
for a 10 Mt burst should be used: Table 8-2
indicates the shape of the fireball for the various
yields and burst altitudes as a function of time
(in seconds) after burst. The size and location of
the fireball are determined as described below.

1. If the fireball is a sphere, the fireball
altitude, k5, and fireball radius. R ,,, are read
directly from Table 8-2 for the time of interest.

2. If the fireball is a pancake, the fireball
altitude, h,, and the fireball radius, R, are
read directly from Table 8-2 for the time of in-
terest. The semithickness of the pancake in kilo-

meters (see Figure 8-16) is equal to the value
shown in the column headed “x™ in Table 8-2.
Together, these values provide the size and loca-
tion of the fireball at the desired time.

3. I the fireball is a tube, the fireball alti-
tude, hﬂ,, and fireball radius, R 4,, are once again
read directly from Table 8-2. T{ﬂe fireball fengths
up and down the tube (see Figure 8-16) are deter-
mined from the values in the columns headed
*x" and “y” in Table 8-2, as follows:

hg - 200
Ldown == km, or
T merar _
Ldawn = Tin ] whichever is smaller,

LUP 2isin v km,

where ¢ is the magnetic dip angle at the burst
point. If the magnetic dip a.gle is not known, it
can be obtained from Figure 8-54. A negative
value for y in Table 8-2 means that both x and y
are dimensions down the geomagnetic ficld and

the fireball is below i g .

i Figures 8-30 through 8-38 co. tain fam-
ilies of curves with which the size and location of
the three debris regions may be estimated. Once
again, the uncertainties in the data are such that
interpolation between figures is not warranted.
Data on the figure for the yield nearest to that
drsired should be used. If the desired yield is
midway between values provided, data for the
next higher value should be used.

NI The fraction of the total weapon debris
in each of the debris regions is obtained by use
of Figure 8-30 and the calculations described
below. Enter Figure 8-30 with the magnetic dip
anple ¢ and the altitude of detonation ho to ob-
tain the traction of debris going to debris region
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3, X (see Figure 8-18). Compute the fraction of
the debris in each of the three regions as follows:

08-X  h, <250 km,
FFl =

06 -X  h, > 250 km,

0 h, < 250 km,
FF2 =

0.2 h, > 250 km,
FF3 = X,

where FF1, FF2, and FF3 are the fractions of
total weapon debris in regions 1, 2, and 3, re-
spectively. The sum of the three fractions is al-
ways less than 1.0, since some debris is assumed
to_escape to long distances (see paragraph 8-15).
‘ The altitude, h;, for debris region 1 is
obtained from Figures 8-31 through 8-34 by
seiecting the figure with the yield closest to that
desired, and by deterrnining & a7 for the time and
burst altitude of interest. The maximum .ltitude
to which the debris rises in region 1.k, ] should
also be obtained for use in determining the debris
offset as described later.

The debris radius, R 4 for debris region 1
15 obtained from Figures 8-35 through 8-38 by
selecting the figure with the yield closest to that
uesired, and by determining R, for the time and
burst altitude of interest.

If t <€ 10 minutes, the offset for debris
région 1, Ad, is zero. If > 10 minutes, the off-
set of debris region 1 is determined as follows.

1. Obtain the maximum debris ofrset Dd
from Figure 8-28 for h, =h,_ 1 as deter.ained
abovt, and the magnetic dip angle, ¢, of interest.

2. Calculate 7:

T=1¢~ 10 min

Enter Figure 8-29 with r to obtain the debris
offset correction factor f,.
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3. The offset of debris region 1 is
Ad; = f,D; km.

- Debris region 2 is only defined for bursts
above 250 km. The size and location are deter-
mined by a series of steps, as follows. If £ <10
minutes, go to 2; otherwise go to 1.

1. Enter Figure 8-27 with7=¢- 10 min to
obtain the debris height correction factor fh .

2. Compute the maximum altitude, h,_,, for
debris region 2:

= 1/3
Bpa = hy + 500 W3 km
Compute the altitude for debris region 2 at time 1:

hm2 km
t < 10 min,

hay =
200 + fy(h, + 500 W¥3 - 200) km

t > 10 niin,

where W is the weapon yield in megatons.
3.  Compute the radius for debris region 2,

Rdz.

500 w3 km
t < 120 min,

Ry =
d2
500 WY3 + 3 (¢ - 120) km

t > 120 min,

4. If i <10 minutes, the debris offset, Ad,,
equals zero. If 1 > 10 minutes, Ad2 is determined
from Figures 8-28 and 8-29. Enter Figure 8-28
with magnetic dip angle, p,and h,, = h,, , to ob-
tain D,. Calculate 7

"7 =1 - 10 min.

Enter Figure 8-29 to obtain the debris offset




correction factor, fo. Calculate Ad,, the debris
offset for region 2:

Ady = Df,.

The debris altitude, radius, and offset for
debris 1egion 3 are assumed to be the same as
those determined for debris region 1, but they
are located in the magnetic conjugate area (see
Figure 8-18).

Example’

Given: A 1 Mt weapon detonated at 250 km
altitude at a location where the magnetic dip
angle is 60°.

Find: The shape, size, and location of the
fireball, and the altitude, radius, and offset of
the debris regions 2 minutes after the burst.

Solution:

a. Since the altitude of interest is midway
between the altitudes provided in Table 8-2, the
larger (300 km) is used. From the data provided
in Table 8-2 for 1 Mt at a burst altitude of
300 km, the following values are obtained for
t = 120 sec:

Fireball shape is a tube.

hpy = 290 km
Ry = 150 km
x = 160
y = 300
b.
B, - 200
h _ 290 - 200 _
) Lo Lo 103 km.
x__ - 160 _ 95 m.

Q) e T 08D
Since the result obtained in (2) is less than
that obtained in (1),
Liown = 92 km.

Yy 300

w " TsinaT - &N - 172 km.

L

c. From Figure 8-30, the fraction of debris
transported to debris region 3, X, is 0.2 for a
burst altitude of 250 km. Therefore,

FF1 = 0.6
FF2 = 0
FF3 = 0.2

d. From Figure 8-33,

625 km, and
800 km.

Ray
h

mli

e. From Figure 8-37,

f. Since <10 mia, &d; =0.

g. Since the burst altitude is not greater
than 250 km, no debris region 2 is defined.

h. The size and altitude of debris region 3
are the sume as those of debris region 1, but debris
region 3 is centered over the magnetic conjugate
of :he burst point.

Answer:

a. The fireball is a tube with the following
dimensions (see Figure 8-16 for illustration of
the meaning of the dimensions):

be = 150 km
Ldown = 92 km
L, =172 km

b. There are two debris pancake regions for
use in determining delayed radiation effects.
Debris region | is a pancake centered over the
burst point with an altitude and radius of 625 kin
and 150 km, respectively. Debris region 2 is a
pancake directly over the conjugate of the burst
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point, and it has the same altitude and radius as
debris region 1. Sixty percent of the fission debris
is in debris region 1, and twenty percent is in
debris region 3. (Twenty percent is assumed to
escape to large distances.)

- Relz‘abilit' Because of the theoretical

8-46

and experimental uncertainties concerning bursts
above 120 km, together with the uncertainties
introduced by using fixed parametric yield/deto-
nation altitude combinations, results predicted
by the model described above may be con-
siderably in error.

Related Materia See paragraph 8-15.
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Problem 8-4 Absorption through the Fireball JJJ}

Tables 8-3 through 8-7 and Figure 8-39
are used to obtain estimates of the absorptinn of
signals nropagating through the fireball for para-
metric burst vields and cetonation altitudes. The
temperature and electron density within the fire-
hall are acsumed to be uniformly distributed;
thus. the absorption through the fireball is linearly
dependenit upon the distance the propagation
path travels through the fireball. The fireball lo-
cation and size can be determined from Table 8-2
and Figures 8~16 through 8-38, as described in
Problems 8- through &-3.

q The absorption data are given for a path
Jlengill through the fireball equal to the fireball
diameter if the fireball is a spliere, equal to the
diameter of the toroid arm if the fireball is a
toroid, equal to the vertical thickness of a pan-
cake if the fireball is a pancake, or equal to the
diameter of the tube if the fireball is a tube. For
detonations that occur above about 50 km, the
fireball absorption scales inversely with the square

Q frequency.
When the fireball is below an altitude of
abo

ut 60 km, beta particles deposit their energy
within the {ireball, and they are the major source
of ionjzation and absorption after the fireball has
couicu w Lie dtmospheric temperature. When the
altitude of the fireball is greater than 60 km,
absorption caused bv beta-particle ionization
should be determined by the methods described
in Problem 8-7.

“’l‘ahles 8-3 through 8-6 provide data to
eteline absorption of, signals propagating

through the fieball of bursts that occur below
80 km at times after burst less than 300 seconds
and fireball altitudes greater than 60 km (the
fireball altitude at the time of interest may be
obtained by the methods described in Problem
8-1). If the detonation altitude is below 50 km,
the absorption A o is read directly from the table

with the weapon vyield closest to the desired
yield at the closest detonation altitude, time
after burst, and frequency given in the table. If
the detonation altitude is 50 km or greater (but
not greater than 80 km), the absorption for
1000 MHz, A, is read from the appropriate
table at the ciosest detonation altitude and time
after burst. The absorption is then calculated as
follows:

_ o, 108
Aﬂ’—Aﬂ’?'

where f is the desired frequency in MHz.
if the time after burst is greater than 300
seconds and the fireball altitude is Jess than 60

kilometers, the absorption of signals propagating
through the fireball may be estimated from Fig~
ure 8-39. The quantity L a' is obtained from Fig-
ure 8-39 for the appropriate fireball altitude and
frequency. The absorption is then calculated as
follows:
A’
=7 B
A m = L, Eé—.

where Ny is the beta particle radiation intensity
parameter defined by equation 8.1 in paragraph

Table 8-7 provides data to determine ab-
sorption of signals propagating through the fire-
ball of bursts that occur at altitudes above 80 km.
The absorption of a 1000 MHz signal (4 j'b) is
read from Table 8-7 for the weapon yield and
altitude closest to those desired. The absorption
at the desired frequency (A fb) is then calculated
as follows:

_ 4 d0°
Aﬂ,-Afb-};i-,

where [ is the frequency in MHz.
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Example 1 .

iven: A 1 Mt weapon burst at an altitude

50 km.
Find: The absorption of a 400 MHz signal
propagating through the fireball 2 min afier burst.
Solution: From Table 8-5, the absorption
of a 1000 MHz signal 2 min after a burst at 50

km is
Ajp = 02 dB;
therefore,
Ag = (0.2) 10°_ _ 435 aB.
(400)?

Answer: The absorption of a 400 MHz
signal propagating through the fireball of a 1 Mt
weapon 2 min after the weapon was detonated
at an altitude of 50 km is 1.25 dB.

- Example i'
iven: A 4 Mt weapon burst at an altitude

of 150 km.

Find: The absorption of a 400 MHz signal
propagating through the fireball 15 min after
burst.

Solution: The yield and time nearest to

8-58

those desired that are tabulated in Table 8-7 are
1 Mt and 10 min (6CO sec). The absorption for a
1000 MHz signal 1G min after a | Mt burst at
I") km is

Aﬂ, = 3.2 dB;
therefore,

06

1
An = (3.2) — 0 dB.
o (4002

Answer: The absorption of a 400 MHz
signal propagating through the fireball of a 4 Mt
weapon 15 min after the weapon was detonated
at ititude of 1 is approximately 20 dB.

Reliability The uncertainties in pre-
dicting fireball dimensions and electron density
are such tha. estimates of the duration of a given
level of absorption are uncertain by at least a
factor of two. In general, the duration of ab-
sorption caused by the rising fireball will be
determined by how long the fireball interdicts
the propagation path, rather than the time period
that the fireball remains absorbing at a given
fr ney.

Related Material ! See paragraph 8-6
and Problems 8-1 through £-3.




Table 8-3 Absorption (dB} Through Fireball for Detonations Below 80 km, W = 10 kt .
Twne | Freq. Detonttion Altitude {km}
toec) | (MH} [ 0 10 20 30 40 50 60 70 80
HY 100 8,53 2.0E4 2,.7E% $.1E6 | 1,7E7
400 8.5E) 1.9E4 2.4E5 2.5Eé 1,4Eé
1,000 | 8.5E3 1.9E4 1.4E5 | S.O0E5 | 2.2E5 | l.4ES 1LIF3 | 3.8E2 | L.7E2
4, 000 8.2E3 1.2E4 1.7E4 3.3E4 1.4E4
10, 000 6.7E3 3.783 2,8E3 $,.3E3 2,2E3
20 100 [ 3.1E3 1.2ZE4 | 2.9E4 | 5,2F4 3,0E5
400 3,2E3 L. 2E4 2.4E4 1.2E4 2.2E4
1,000 | 3.1E3 1.2E4 1.3E4 2.3E3 | 3.6E3 | 1.3F4 3.7E2 1.0E2 | 2.7E1
4, 000 3.0E3 6.7E3 1.4E3 1,5E2 2,3E2
10, 000 2.4E2 2.0E3 Z.3E2 2.3 3. 6E1
30 100 7.4E2 8.5E3 2.2E4 3.8E4 1.5E4
400 | 7.4E2 | 8.4E3 1.8E4 | 7.5E3 1.1E3
1,000 | 7.382 | 8,063 | §.7E3 1.4E3 Lkl | iLSEL I 7EZ | 4.2E2 | B.BEQ
4,000 | 7,0E2 | 4.1E3 | B.5E2 | 8.7E} 1.iT1
10,000 | s.4E2 1.IE3 1.4E2 1. 4E1 1.7E0
40 100 7.3E1 3,2E) 1.7E4 2.9E4 9.9E2
400 1.3E1 3.1E3 1.4E4 5. 0E} 6.9E2
1,000 | 7.3E1 3.0E3 | &.0E3 | B.9E2 i.0122 | 1.7E1 1.8E1 2.0E1 | 3.8E0
4,000 { 6.9E1 1.4E3 | 5.8E2 | S5.7E) 7.0LD
10,000 | 5,2E) 3,582 | 9.0F1 | 9.1F0 1.1E0
50 100 4.6E0 4,762 1.2E4 2.3E4 7.0E3
400 | 4.6E0 | 4.7E2 | 8.8E3 3,563 | 4.8E2
1,000 | 4.6E0 | 4.3F2 3.5E3 | 6.1E2 | 1.8E1 | 1.1E1 1.1E1 | 2.2E0 | L.9%0
4,000 4.3E0 t.8E2 3.0E2 3.9E1 4.9E0
10,000 | 3.2EC | 4.4E1 4.9E1 6.2E0 | 7.7E-1
60 100 | 2.6E-1] 3.9E} 3.8E3 1.BE4 5.1E3
400 2,6F-1 3.9E1 2.7E3 2.4E) 3. 4E2
1,000 | 2,6£-1] 3.5E1 1.0E3 | 4.1E2 | 5.5E1 | 8.0E0 | 6.4E0 1.3E0 | 1.1ED
4,000 | 2.3E-!| 1.4E2 8.3E1 2.6E1 3,4E0
10, 000 1,7E-1 3. IE0 1. 4E1 4.2E0 5.5E-1
90 100 5.6E-3| 4,8E-1| 3.,3E1 6. 5E2 1.5E)}
400 | 5.6E-3| 4.6E-1| 2.0E) 6.9E1 9,9E1
1, 000 5.6E-3| 4.0E-.1 6. 1E0 1,2E1 1,6E1 | 3,3ED 2.lE0 3.4E-} 7.7E-2
4,000 5,0E-3 1.2E-1| 4.5E-1} 7.2E-1]| 9.9E-i
10,000 | 3.2E-3| 2.4E-2| 7.3E-2| 1.2E-1| 1.6%.1
120 100 LIE-1 | 1.7E1 2.2E-2
400 2,9E-1 8.4E0 1.9E-1
1,000 2.3e-1] 2.2E0 | 3.2E0 1.7EQ | 9.0E-1 | 7.8E-1] I.1E-1] 3.,85E.2
4,000 S.8E-2| 1.7E.1} 2,1E.1
10, 000 1.0E=-2] 2.4E-2| 3.2E.2
150 100 2. TE-1 1.5E1 t.IE2
400 2.6E-1 6.4E0 1.4E}
1, 000 2.0E-1| 1.sE0 | 2.3E0 1.2E0 | S.5E-1 | 4.3E-1[ &.0F.2| 2.3E.2
4,000 J.aE-2| 1.0E-1 1.4E-1
10, 000 6.98.3| 1.7E-2}| 2.3E-2
180 100 2.4F-1| 1.3E) 1.3E2
400 2.2F.1 4.9E0 I.O0F1
1, 000 £, 6E-) 1 IED 1.7E0 8, 8E-1] 4,0E-Y 2.6E-] 3.6E-2 1.6E-2
4, 000 Z.6E-2| 6.9E-2 1.0E-1
10, 000 4.9F-3 1.2E.2 1.7E.2
300 190 1.3E-1| 5.7E0 | 5.0E}
400 I.2E-) 1.7E0 3.5E0
1, 000 6.9E-2 3, 2E-1 S5.6E-1 3. 4E-1 1,7E«1] t.4E-2| 4.%3E.3 1.2E-3
4, 000 8.2E.3] 2.1E-2] 3.5E.2
10, 000 1.4E=3| 3.3E-3| 5.6kE-3

Notes: E refers to the power of 10, e.g., 1.5E4=1.5% 1wt et scaling applies, only 1,000 MHz
values are given.
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Table 8-4 Absbrption (dB) Through Fireball for Detonations Below B0 km, W = 100 kt .
Time Freg. Detunation Aluitude {hm)
(sec) | (MHz} 20 10 40 50 60 70 80
10 100 4.3E6 2.5E7 4.8E7
400 3.7E6 6.5E6 3.8E%
1, 000 2.1E6 1.3E6 6. 1E5 | 4.8E5 2.1E3 9.5E2 9.2E2
4,000 2.3ES 8. 2E4 3. AFE4
10, 000 3.9E4 | 1.3E4 | 6.IE3
20 100 1. 0FE5 3. 5E6 4.7E6
400 8. 3E4 6.9E5 3.3ES
1, "0 2.5F4 3.4E1 3.7E3 | 4.0F) 2.3E2 3. IES 2.5E1
4, 700 3983 | 8.0E3 | 3.4E3
10, oo 6.5E2 1.2E3 5.4E2
20 100 8. 1E4 1.3ES 3.3ES
400 6. [FE4 2,0E4 2.3E4
1, w00 1.7E4 2,153 -.2E2 1..E2 1. 1IE2 1.2E1 1L1E¢
4, 000 2.2E3 2.2E2 2.3F2
10, 000 3.7E2 | 3,51 | 3.7E1
40 100 6.7E4 9.4E4 2,3E4
400 4 7E4 1.2E4 L.6E23
1, boe 1.7E4 2. lE} 2,5F2 1.7E2 1.1E2 1,2E} 9.1E0
4, 000 I.4E3 1,3E2 1.6E1
le, 000 2.3E2 2.1E} 2.SE0
52 100 5.7E4 7. 1E4
400 3.6E4 8.0E3
i, 000 1.2E4 1,3E1 1.éE2 | 9.2E! 6. 0E) s. 7E0 4.2E0
4,000 8.8E2 | 8.SEIl
10, 000 1.4E2 1.4E}
60 100 4.2F4 5,5E4
400 2.4F4 5.5E3
1,000 6.9E3 9..E2 I.1IE2 | 1.4E!} 3.3E) 3,0E0 2,2E0
4,000 5.0F2 | 5,70t
10, 000 8.1£1 9, 1E0
e 100 J.0E2 1.5E4
400 2.8E2 1.2E3
1, 000 6.3E1 2.0E2 3.9E1 | 4.5E0 1.7EO 1.3E-1 5 4E-1
4,000 2.0E-2 4.3E0 1.2E}
10, 00O 1. IE-2 6.9E-1 2. 0E0
1:0 100 | 1. 4E.2 LIE2 1, IE3
400 1.4E-2 4.7E! 8.0E!
1,000 1.4E-2 9.2F0 1.3E1) 7_.7E0 | 1,6E0 4.6E-1 4,.8E-2 3.SE-2
4,000 | 1,2E.2 6.72E-1 | 9.1E-}
10, 000 5.4E~3 9.6E-2 1.3E-]
150 100 1,2E-2 1.6E2 8,2E2
400 1.2E-2 1.4F1 S, 6EL
1, 000 1,2E-2 6.2E0 9.1E0 3.6E0 | 7.8E-) 2.2E-1 £.9E-2 1.7E-2
4,000 9.CE->3 4.0E-1 5.7E-1
10,000 | 4.0E-3 &6.4E.2] 9, 1E.2
180 100 1.0E-2 ..5E2 6, 1E2
400 1,0E.2 2.6F) 4. 1E1
1, 000 1,0E-2 4.7E0 6.6EC 2.%F0 | 4.5E-1 1.2E.1} 1.9E-2| 7.9E.}
4,000 7.2E-3 2,9E.1 3.9E-1
10,000 | 3.0E-2 4.8E-2 | 6.6E-2
300 100 6.1E-3 8.5E1
400 6. 1E-23 9.3E0
1, 000 § 8E-3 L.6ED 2.2E0 9.3E-1] 8.6E-2 1.5E-2| 2.6E-}| S%.7E-4
4,000 | 3. 4E-) 9.8E-2
10,000 | 1.0E.3 1. 6E.2
Notes: E refers to the power of 10, e.g., 1.9E4 = 10 . If =2 acaling applies, only 1,000 MH:=

values are given.
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i
Table 8-5 Absorption {dB) Through Fireball for Detonations Below 80 km, W = 1 Mt . ‘
Tume | Freq. Detonation Altiiude (km) :
{sec} {MHz) i} 10 20 3o 40 50 &0 k] 80
10 100 3.4E5 1.8E6 1.4E7 9.7E7 1.8E8

400 3.=E% 1.8Eé 1.2E7 1.9E7 1. 3E7

1, 000 3. 4ES L.8E$ ).4E7 2.2E6 7.5E6 | 7.5E6 I.6E4 1.4E4 3.2E3

4, 000 3.3)ES 1.0E6 6.2E% 2.2ES I.4E%

10, 000 2.7ES 1. 0ES 1,0E% 3.5E4 2.2E4

z0 100 5. 2E4 2.4ES 1.8Eé 1,1ET 9.2E¢
400 5. 2E4 2.3E5 1.1E6 1.4E6 6.0ES

1, 00p $.2E4 2.2E5 4.5E5 2. 4ES 9.7E4 | 6,8E4 1.2E) 9.2E2 2.3E2

4,000 | 5.0E4 1. 0ES 3, 8E4 i, SE4 6.0E)

10, 000 3. 8E4 2.6E4 6, 3E3 2.4E3 §.0E3

30 100 1.4E4 8. 8Fs 9.0E5 1.4E6 9.5E5%
400 1.6i4 6.6E4 $.7E5 L.OES 6. 1E4

1, 000 1. 4E4 7.8E4 1.9ES 2.4E4 9.7E3 | 4.2E) 2.4E2 1.7E2 4.7E1

4, 000 1.3E4 3.0E4 1,4F4 1.5E3 6.0E2

10, 000 1.0E4 6. 8E3 2.3E) 2,.5E2 9.7E1

40 100 | 5.8E3 6.3E4 2.7ES 1.0E6 1.1E5

400 | 5.8E} 6. IE4 1.4ES 8.4E4 6.7E3
1,000 | 3.7E)} 5. 4Ea 4,0E4 1.4E4 1.1E3 | 4.0E2 7.0E1 4.6E) 1.4E}
4,000 | 5 3E3 1.7E4 2.9E3 B.6F2 1.7E}
10, 0CO 3.7E) 3.4F) 4.6E2 1.4E2 1.1E1

50 100 1.3E3 4.5F4 2.4E5 6.5E5 6.2E4

400 1.3E) 4.3E4 1.0ES 5. 1E4 3.9E3
1, 000 1.3E3 3. 6E3 2,5E4 8.3E3 6.2E2 | 4.0E] 2.6E) 1.7E1 6.83E0
4, 000 LME3 8.9E3 1.7E3 6. 2E2
10,000 | 7.4E2 1.7F3 2,.7E2 8.3E!

60 100 1.6E2 2.5F4 2,2E5% 1. 0ES

400 1.6E2 2. 4Fa 1.4E4 7.4E3
1,000 { 1.6E3 1.9E4 1,6E4 1.2E3 3.8Ez | 2.2F) 1,1E1 7.4E0 3.5E0
4, 000 1.4E2 3.8E3 1.1E3 7.5E1)
10,000 | 8.7F1 6.9E2 1.7E2 1.2E)

30 100 | 2.4E-1{ 2.2E2 7.8E4 3.4E4
400 | 2.4E-1 1.9E2 1.SE4 2,3E3

1, 000 2.4E.) 1.2E2 2,6E3 J.6E2 2.4E1 | 4.5E0 1.4E0 1.3E0 6.4E-1

4, 000 1.9E-1 1. 5E1 1.7E2 2.3E1
10,000 | 9.4E-2] 2.&6F0 2.7E1 3, 6E0

120 100 | 7.08.2| z.7E1 | 3.1E3 | 7.6E3
400 | 7.0E-2| 2.1E1 | 3.6Ez | 4.8E2
1,000 } 6.9E-2] 9.350 | 6.1E1 | 7.8E1 | 6.8F0 ] 2.0E-1| 3.5F-1| 3.2E-1] 1.3E-1
4,000 | 5.2E-2| 9.6E-1] 4.9E0 | 6.6E0

10,000 | 1,9E-21 1.4E-1] 6.2E-1| 7.BE-1
150 100 | 4.9E-2] 2.8E1 2.1E3
400 | 6.8E-2] 1.9F) 2.0E?
1,000 | 6.6E-2] 7.1E0 3. 3E) 2.5E1 3,180 | 7.9E-2| 3.2E-2| 1.6E-1]| 9.SE-3
4,000 | 4.3E-2| 5.8E-1| 2.1EO0
10,000 | 1.4E-2| 9.4E.2| 3.4E.}
180 100 | 6.8E-2| 3.:zF1 1.8E3
400 | 6.7E-2] 1.9E1 1.5E2
1,000 | 6.5E-2| &.0E0Q 2.%E1 1.6E1 1.LSEO | 3.2F-2( 1,8E-2] 7.4E-2 | 3.9E-3
4,000 | 3.6FE-2| 4.3E-1| ).5E¢
10,000 | 1.IE-2| 7.3E-2| 2.5E-1
300 100 | 5.2E-2{ 3.6E1 8.5E2
400 | 5.1E-2] L2F1 5 8F1
1,000 | 4.6E-2] 2.5E0 | 9.3E0 4.7E0 4.7E0 | 2.4E-3] 2.3E-3| 1.0E-3 | 1.BE-4
4,000 | 1.7E-2| L.7E-1| 5.BE-.1
10,000 | 3,.8E-3] 2,7E-2| 9.3E-2

-2
Notes: E relers to the power of 10, e.g., 1.5E4 = 1.5 x lo‘. Ii 7 scaling applies, only !, 000 MHz
values a7t given, .
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Absorption (dB) Through Fireball for Detonations Below 80 km, W = 10 Mt -

Table B-6
Time | Freq. Detonation Altitude {km)
{sec) | (MHz) 0 10 20 30 40 50 60 70 80
10 100 1.2E6 7.4E6 8,4E7 §.8E8 1,010
400 1. 1IE¢ 7.4Eé6 6. 2E7 2.3E8 5.2E9
1, 000 1. IE$ 7.0E6 2,587 6. 0E7 1.4E9 [ 1.2E1C | 7.8E4 2.5E4 8.2E3
4, 000 1. lEé 3, 7ES 2.1E6 4.0E¢ 1,0E8
10,000} B.BES 1.0E6 3.4F5% 6.4E5 1.6E7
20 100 1,.3E% 6.6E% 1.2E7 5.0E7 1.8E6
400 1.3E% 6. 4E5 4.9E¢ 4.586 1.2E7
i, 000 1.3E5 5.9E% 1. 1E& 7.3ES 2.0E6 | B.8ES 4.BE3 1. 6E3 5.9E2
4, 000 1. 2E% 2.3ES 7.8E4 4.56E4 1.2E5
10,000| 9.1E4 5.3E4 1, 5E4 7.4E3 2.0E4
30 100{ 9.0E4 5.3E5 4.3E6 2.4E¢
4001 B.9E¢ 5. 1ES l. IE® 1.6E%
1,000{ 8.9E4 4.4E5 Z2.2E5 2.6E4 4.5E4 | 7. IE4 7.4E2 2.5E2 1.2E2
4,000| B.2F4 1,3E% 1.4E4 1.6E3
10,000 | 5.7E4 2,5E4 2.3E3 2.6E2
40 100} €.8E4 4.7E5 J.4E8
400) 6.BE4 4.4E5 6.1ES
1,000] 6.7F4 3,5E% tIES 4,053 1.8E3 | 2.3E3 1,.8E2 6.7E1 3.9E}
4, 000 6.1E4 7.4E4 6.3E3
10, 000 3.9E4 1.4E4 1.1E3
50 100 2. 1E4 4.3E5 2.7E¢6
400 2.1E4 4.0E5% 3.4E5
1,000 2. 1E4 2,BES 5.9E4 1.4E3 2.5E2 | 5.9E1 6.0E1 2.4E1 t.7E1
4, 000 1.8E4 4.5E4 3.7E3
to, 000 1.1E4 7.9E3 5.9E2
60 100| 9,2E3 2. 0ES 2.0E6
400 9.2E3 1.7E9 2.1E5
1,000 9.1!E3 1, 1ES 3.4E4 6.9E2 9.2E1 | L.6E1 2.4E1 1.1E] 1.7E0
4,000 7.6E) 1.)E4 2.2E3
10,000 4.0E3 2.3E3 3.4E2
90 100] 7.4E! 7.7E4 2.3E5%
400 | 17.3E! 5.4E4 i, 7E4
1,000| 7.2E! 2.1E4 2.7E3 1.4E2 8.9E2 | L.3EO EPRE 1.BEQ 2.0E-)
4, 000 5.1E1 1,7E3 1,7E2
1¢, 000 2.0E1 2,BE2 2.7E1
120 100 6.6E-1 1.3E) 6.2E4
400§ 6.5E-1) 6.3E2 4. JE3
1,000] 6.2E-% 1.6E2 6.5E2 6.BEO 1.2EQ [ 1L7E-1 | 6.4E-1| 6.1E-2] 3,1E-2
4,000} 4.3E-1} 2,0E1 5.2E1
10, 000 1.OE-1 1.8E0 6.5E0
150 100| 5.%E-1] 7.86FK2
400 | S.4E-1] 2.5F2
1,000 5.1E-1 | 5.3E1) 1. 8E2 2.5E0 9.1E-2| %.3E-2 | 2.2E-2| l.1E-2 1.4E-2
4,000] 2.3E-1| 3.SE0
10, 000 5, 6E-2 5.6E-1
180 100 5.9E-.1 8. 2E2
400 S5,7E-}| 2.0E2
1,000 5.2E-1 3.8E} 9.6E1 1.0E0 2,7E-2| 2.0FE-2| 2.2E-2| B.9E-3| 4.5E-.3}
4,000 1.9.1] 2.3E0
10,0001 4,3FE-21 3,9E-I
3oe 100 6.5E-1}{ 9.3E2
4001 6.1E-1) 9.BE]
1, 000] 4.6F.1 1.6E1 2,1F1 5.3E-2| 5.BE-4| 9. AE-a | #4.0FE-4]| 2.0E-4] " 2,7E-4
4,000 8,7E-2 1.0E0
10, 000 1.6E-2| 1.6E-1}
N-~ice- I refers to the power of 10, e.g., L.5E4 = ), 5 x lo‘. 1 12 gcaling applies. only 1,000 MH2

vzlues are given.




Table 8-7 Absorption (dB) Through Fireball at 1000 MHz for Detonations Above 80 km.

Time | Yield Detonation Altitude tkm)
(sech | (Mt} 100 150 200 250 300 350 400 450 500
10 0.01 | 5.2E2 7.9E2 1.1E2 1.4E1 | &,1lE0 2.1E0 6. 1E-1 2.0E-1 | 7.3E-2
0.1 1.1E3 2.0E3 3.8E2 3.1E1 1,4E) 4,8E0 1.4E0 4,5E-1 | 1.6E-1
1 3.2E3 5.4E3 9.0E2 5.0El | 5.5E0 7.9E-1 1.5E-1 3,3E-2 | 8. 7E-3
10 1.4E4 2,0E4 3,3E3 2.6E3 | 3.5E2 6.9E1 I.7E1 4.9E0 1. 6E0
20 0.01 | 7.2E1 2.1E2 1.2E2 1.2E1 5.4E0 1.9E0 5.5E-1 1.8E-1 | 6.8E-2
0.1 1.4E2 | 5,8E2 2,8E2 2.6E1 1.2E1 4,3E0 1.3£0 4.2E-1 | L.5E-1
1 4. 1E2 1.8E3 6,7E2 | 4,3E) 5.1E0 7.6E-1 1.4E-1 3,2E-2 | 8.4E.3
10 2.283 | 8 0E3 1.9E3 1.4E3 2.7E2 5,9E! 1,5E1 4,5E0 1.5E0
30 0.01 | 2.2Et 1.3E2 9, 6E1 1.0E} 4,8E0 1. 7EL 5. 1E-1 1.7E-1 | 6.4E-2
0.1 3.8E1 3.0E2 2.2E1 2.3E1 1.1EL 4.0E0 1.2E0 3.9E-1 | 1.5E-1
1 1.2E2 | 7.2E2 5,.3E2 4,6E1 6,2E0 1. 0EO 2.0E-1 | 4.8E-2 -] 1,302
i 10 6.6E2 | 4,0E3 1.5E3 3,2E3 8.4E2 2.2E2 6. 5E1 2.1E1 7.4%0
40 0,01 | 9.2E0 | B,BE1 7.7E0 9,180 | 4.4E0 1.6E0 4,7E-1 | 1.6E-1 | 6.0E-2
0.1 1.5E1 2.0E2 1.8E2 2.1El 1.0E1 3. 7E0 1. 1EC 3.7E-1 | 1.4E-1
1 4. 6E1 4.9E2 4,322 3. 6E) 5.3E0 9. 1E-1 1.8E-1 | 4.4E-2 | 1.2E-2
10 2,7E2 | 2.3E3 1.2E3 LOE3 5.0E2 1.7E2 5.4E1 1.8E1L 6. L EG
50 0.00 | 4.6E0 | 6.4E1 6.4E1 8.2E0 | 4.0E0 1.5E0 4, 4E-r | 1.5E-1 | 5.7E£.0
0.1 1. 1ED 1.5E2 1.5E2 1.9E1 9.2E0 3.4E0 1.0E0 3,5E-1 | 1,3E-}
1 2.2E1 3,6E2 3,5E2 1,01 4. 6E0 8. 2E-1 1,7E-1 | 4,1E-2 | 1,1E.2
16 1.4E2 1.4E3 1.0E3 1.3E3 | 4.3E2 1.4E2 4.5E1 1.6E}) 5.8E0
60 0.01 | 2,380 | 4.9E) 5.4E1 7.5E0 3.7E0 1.4E0 4.2E-1 1.4E-1 | 5,4E.2
- 0.1 4.8E0 1. 1E2 1.2E2 1.7E1 8.6E0 3, 2E0 9.7E-1 | 3.3E-1 | 1.3E-1
( ] 1 1. 1E1 2.7E2 3,0E2 2,4E1 4.1E0 7.4E-1 1.6E-1 | 3.9E-2 | }.1E-2
10 7. 5E1 9.3E2 8,7E2 9, 3E2 3.4E2 1.1E2 3.9E1L 1.4E1 5, 2E0
90 0.01 | 9.9E-1 § 2.7E1 3.6E1 &.0E0 3. 1E0 1.8E0 3.6E-1 1.2E-1 | 4.7E-2
0.1 1.5E0 | 6.0E} 8.2E1 1.4E1 1. 1E0 2.7E0 8.4E-1 | 2.9E-1 | 1.1E-1
1 3. 7E0 1.4E2 2.0E2 1.581 2.9E0 5. 7E-1 1.3E-1 3,2E-2 | 9.2E.3
¢ 2.0EL 4.1E2 5,8E2 | 4,2E2 1.8E2 6.8E1L 2.>E1 9, 9E0 3.9E0
125 0.01 | 4.7E-1 | 1.6E-1 2.5E1 5, 0E1 Z.6E0 1. 0E0 31, 1E-1 1L1E-1 | 4.2E-2
0.1 5.5E-1 | 3.5E1 5.7E1 1. LE} 6.0ED 2.4E0 7.4E-1 | 2.6E-1 | 9.9E-2
1 1.5E0 8. 3E} 1.4E2 9.7E0 2.1E0 | 4.4E-1 1.6E-1 | 2.7E-2 | 7.8E.3
6.BE0 | 2.3E2 3.9E2 1.8E2 1. 0E2 4.2Ei1 1.8E1 7.1E0 3,0E0
180 0.01 | z.8E1 9,9E0 1.8E1 4,0E0 2.1E0 8.6E-1 2,7E-1 | 9.4E-2 {3,7E-2
: el 2.1E-1 | 2.1E)1 3.8E1 9.2E0 5, 0E0 2,0E0 6.4E1 Z,2E1 8. 7E0
: 1 5.6E-1 | 4.8E1 9.0E1 5.9E0 1.4E0 3.3E-1 8.0E-2 | 2.1E-2 | 6.4E-3
; 10 2. 6E1 1.3E2 2.5E2 6.8E) 5.0E1 2.5E1 1.1E1 4.9E0 2.1E0
i 300 0.01 | 4.5E-2 | 4.6E0 1. 0E) 2.8E0 1.6E0 6.5E-1 2.1E-1 | 7.5E-2 |2.9E.2
i 0.1 5.9-2 | 7.7E0 2.0E1 6.4E0 3,6E0 1.5E0 4.9E-\ 1.,8E-1 | 6.9E-2
1 L3E-1 | 2.0E1 4.5E1 2.4E0 7.0E-1 { 1.8E-1 4,9E.2 | 1,4E-2 | 4.4E.3
10 5.6E-1 | 4.9E1 1.2E2 1.4E1 1,2E1 9. 1E0 5. 0E0 2.4E0 1.2E0
600 0.01 | 7.3E-3 | 9.3E 3.3E0 1.3E0 7T.1E-1 | 3.1E-1 1.2E-1 | 4.6E-2 | 1.8E-2
0.1 1.1E-2 | 1.6E0 $5.8E0 | 2.6E0 1.6E0 8.1E-1 3.0E-1 | 1.1E-1 [4.4E-2
1 1.7E-2 | 3.2E0 |, 1.2El 4,1E-1| 2.4E-1 | 7.6E-2 2.3E-2 | 7.2E-3 |2.4E-3
10 7.0E-2 | 1,2E} 3,6E1 1.6E0 1.5E0 1.4E0 1. 1E0 8,5E-1 | 4,5E-1
- 2000 | 0,01 | 2.2E-4 | 2.7E-2 1.2E-1| 1. 1E-1] B.5E-2 | 5.1E.2 2.2E-2 | 9.1E-3 | 4.0E-3
0.1 2.8E-4 | 5.3E.2 2.5E-1| 2.4E-1| 2.1E-1 | 1.3E-1 $.9E-2 | 2.6E-2 | 1.2E-2
1 5.7E-4 | 1,2E-1 5.7E-1| 1.2E-2 | 10.0E-3 | 7.0E-3 4.1E-3 | 1.7E-3 | ¢.4E.4
10 2.2E-3 | 5,2E.} 2.3E0 3.5-2| 3.7E-2 | 3.9E-2 3.8E-2 | 3, 3E-2 |3.0E-2

Note: E refers 1o the power of 10, e.g., 1.5E4 = 1.5 x 104.
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- Figures 8-40 and 8-41 are used to ob-
tain the one~way absorption along a propagation
path caused by promnt radiation in terms of the
one-way vertical absorption (the absorption for
a sinele vertical traversal of the atmosphere) at a
time ¢ after burst. The absorption for the vertical
path may be converted to that for an oblique
path by using the secant of the angle of incidence
at the altitude of peak absorption (approximately
65 km. see Problem 8-10).

Using the detonation altitude and the
ground range between the burst and the point
where the propagation path intersects 65 km
altitude, a reference yield W, is obtained from
Figure 8-40 (note that W, differs for night and
day). The location of the 65-km intersect point
with respect to the propagation-path ground
location can be determined from Figure 8-55 as
described in Problem 8-10. If the actual weapon
yield, W, is less than W, go to 2; otherwise go
to 1.

1. Enter Figure 8-41 with time after burst
in seconds and the radio frequency to obtain
A, the one-way vertical absorption (note that
the absorption differs for night and day). Go
o J.

2. Compute ¢,:

wr
t, =~y sec
r W *

where W, and W are both in Mt or kt. If 1 >1¢,,
go to 4; otherwise go to 3.

3. Enter Figure 8-41 with time after burst
equal to 7, and the frequency to obtain A’; (1,).
Compute A p

4 = AL .
4 O.Srr+ 1.51

Go to 5.

Prohlem 8-5 Absorption Due to Prompt Radiation Dutside the Fireball .

4. Enter Figure 8-41 with time after burst,
t, and the frequency to obtain A!;(r). Compute
A};:
tA (1)
4 =
r
5. Compute A_, the one-way path at.orp-
tion along the oblique path:

A p = A p sec @,
where sec 8 is the secant of the angle of incidence
at 65 km determined from Figure 8-55.

Example IF
iven: A 1 Mt weapon detonated at an

altitude of 300 km. The ground range between
the burst and the propagation path is 800 km;
the secant of the angle of incidence (see @) at
65 km is 3 for the propagation path.

Find: The one~ ‘ay path absorptiun due to
prompt radiation for a 100 MHz signal 10 seconds
after the burst during the daytime.

Solution:

a. From Figure 8-40, W, = 100 kt for a
detonation altitude of 300 km and a ground
range of 800 km.

b. Since W, < W, A4 ' is determined to be
12 dB from Figure 8-41.

c. Ap =4, sech=(12)(3)=236dB.

Answer: 'fhe one-way path absorption for
a |00 MHz signal having a propagation path with
an angle of incidence at 65 km whose secant is
3, resulting from prompt radiation from a 1 Mt
weapon detonated at an altitude of 300 km, is
36 dB 10 seconds after burst at a ground range
of 800 km from the burst point.
Example 2
Given: A 1

weapon detonated at an

8-65
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altitvde of 200 km. The ground range bstween
the burst and the propagation path is 1000 km;
the secant of the angle of incidence (sec ) at
65 km is 3 for the propagation path.

Find: The one-way path absorption due to
prompt radiation for a 100 MHz signai 10 seconds
after the burst during the daytime.

Solution:

a. From Figure 8-40, i, = 5 Mt for a det-
onation altitude of 200 km and a ground range
of 1000 km.

W,

b.t, = ETaiel

c. 1> 1,: therefore, from Figure 8-41 4 ’;( t)
=12 dB, and

MY aoa2y

pTHI, T
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d. Ap = AI; sec 8 = (8)(3) = 24 dB.

Answer: The one-way path absorption for
a 100 MHz signal having a propagation path with
an angle of incidence at 65 km whose secant is
3, resulting from prompt radiation from a 1 Mt
weapon detonated at an altitude of 200 km, is
24 dB 10 seconds after burst at a ground range
cf 1000 km from ti)urst point.

Reliability The procedures given for
computing absorption due to prompt radiation
outside the fireball are based on simplified weap-
on design, atmospheric chemistry, and geometry
models. More detailed models are requirzd for
specific communications and radar system
p ms. .
Related Material . See paragraph 8-2
and Problem 8-10.
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Problzm 8-6 Absciption Outside the Fireball Due to Delayed Gamma Rays -

'.Figures 8-42 through 8-48 are used to
estimate the absorption caused by gamma rays
emitted by the radioactive decay of fission de~
bris. When the propagation path is within 100 km
of the debris region and the debris region is be-
ivw 120 ku, the absorption depends on the
orientation of the propagation paih with respect
to the debris region. Data are provided for three
cases: a vertical path, a path passing above the
debris region, and a path passing below the de-
bris region. The geometry is illustrated in Fig-
ure 8-42.

m If the debris is at an altitude greater than
1 m or if the propagation path passes farther
than 100 km from the debris region, absorption
cau:ed by gamma rays is given in terms of the
gamma ray intensity parameter, I_. In determin-
ing I the debris region is moaeled as a thin
panc: }re region. Methods to determine the alti~
tude and radius of the pancake debris region as a
finction of the burst parameters are described in
Problems 8-1 through 8-3. If the altitude of
detonation is below 85 kmi the debris region is
centered over the burst point (see Problem 8-1).
For higher detonation altitudes, the center of the
debris region is offset horizontally from the
burst point toward the nearest magnetic pole
after reach.ng maximum altitude (see Problem
8-2 and Figure 8-17). If the detonation altitude
is greater than 120 km, up to three debris regions
are defined (see Problem 8-3 and Figure 8-18).

Figures 8-42 through 8-45 are used to
oblain the one-way path -absorption for bursts
below 120 km and ground ranges from the de-
bris less than 100 km. Choose the figure with the
angle 6 (see Figure 8-42) closest to the case of
interest. Enter the figure with debris altitude,
hd, closest peint of approach, X d (see Figure
2-47) »nd time of day {day or night); obtain
A'r' the one-way path absorption for a 1000

MHz signal 10 seconds after a 1 Mt tission yield
detonation. Compute A , the one-way path ab-
sorption:

A=A 18 10°
Y Fa+uy2 2

where W is the fission yield in Mt, ¢ is the time
in sec, and f is the propagation frequency in MHz.
Figures 8-46 through 8-48 are used to
obtain the one-way path absorption for bursts
above 120 km or for cases wl.cre the ground range
from the debris to the point where the propaga-
tion path intersects the altitude of 65 km is great-
er than 100 km. The following series of steps
descrite the procedure for obtaining the ab-
surption.
1. Compute the quantity R |, as follows:
[0* + (ny - 6021"
D > R,/2

R 2
[(7") * (hy - 60)2]”2

D < Ry?

where D is the groun ' range between the debris
center and the point where the propagation path
intersects 65 km altitude (see Figures 8-42 and
8-55 and Problem 8-10), and hd and Rd are the
debris altitude and radius, respectively (see Prob-
lems 8-1, 8-2, and 8-3).

2. Determine the debris-region fission yicld
W}';‘:

I

W
We

We h, < 120 km
FF W

h, > 120 km

where FF is the fraction of “ne total weapon
fission yieli' in the debris region (see Problen
8-3).
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3. Enter Figure 8-46 with debris-region
fission viel. (Wﬁ))time after burst ¢, and R "to
obtuin /..

4, Enter Figure 8-47 with debris altitude
h,. debris radius R 3.« 1the ground range where
the propagation path intersects 65 km altitude D,
to obtain C, . Compute /.

it 7

I7 = C_rl.),.
If there is more than one debris region (if the
detonation is above 120 km or if there are
multiple bursts), the radiation intensity para-
metric 17 should be found for each debris region
and the sum of the radiation intensity parameters
used to obtain the absorption.

5. Enter Figure 8-48 with /.. time of day
(day or night). and frequency to obtain A.)',, the
one-way vertical absorption. Compute Ay the
one-way path absorption:

A.y = .4" sec 6
where sec 0 is tiie secant of the angle of incidence
at 65 km (see Problem 8-10).

Example 1 F

Given: A 1 Mt weapon. 50% fission (Wp
= 0.5 Mt). detonated at an altitude of 30 km
durine the davtime,

Find: The one-way absorption resulting
from gamma ray ionization for a 1000 MHz
signal 2 min after burst if the ground range be-
tween debris center and the propagation path is
less than 100 km, the closest point of approach
of the propagation path to the debris center,
Xg»is 20 km, and 84 is 60° (see-Figure 8-42).

Solution: By the methods described in Prob-
lem 8-1, the debris altitude is determined to be:

hd = 49 km.

From Fieure 8-43, A.)', = 14 dB for Ay =49 km
and X; = 20 km. Therefore,
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A, = AW ,
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4y = aax0s) 210 _ g4 ap
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Answer: The one-way path absorption for
a 100G MHz signal propagating on a path as
described above 2 min after a daytime 1 Mt burst

(W, =0.5Mt)is 0.4 dB.
- Example 2
Given: A} weapon, 50% fission. deto~

nated at an altitude of 30 m during the night-
time.

Find: The one-way path absorption result-
ing from gamma ray ionization for a 100 MHz
signal 2 min after burst if thz ground range be-
tween the debris center and the point where the
propagation path intersects 63 km js 200 km
and sec 8 = 3.

Solution:
a. By the methods described in Problem 8-1,

the debris height. k4, and radius, R, are deter-
mined to be:

hy = 49 km,
Ry = 15 km.
b. Since D>R /2,
R = [D* + (ny - 601"
R’ = [(200? + (49 - 6012]" =~ 200 km

¢. From Figure 8-46, I, = 0.15 watts m~,
for Wgp =0.5Mt, (1 +£) =121 sec,and R "= 200
km.

d. From Figure 8-47, C, = 0.8 for (D-Ry)
=185 km and & ; = 49 km. Therefore,

I, = €I, = (0.8)(0.15) = 0.12 watts m




e. From Figure 8-48, A.)', = 1.0 dB for
I, = 0.i2 watts m™? and f= 100 Mr. Auring the
night. Therefore,

A,, = A,7 sec 0 = 3.0 dB.

Answer: The one-way path absorption for
a 100 MHz signal propagating on a path as de-
scribed above 2 min after a nighttime 1 Mt burst
(Wr=0.5 Mt)is 3.0 dB.

Example 3 .
Given: A 1 Mt weapon, 50% fission, deto-

- nated at an altitude of 300 km during ihe day at

a location where the magnetic dip angle 8 is 60°:

Find: The one-way path absorption result-
ing from gamma ray ionization for a 30 MHz
signal 60 min after burst if the ground range
between the point where the propagation path
iritersects 65 km is 1000 km due magnetic north
of the burst point and sec § = 3.

Solution:

a. By th2 methods described in Problem 8-3,
the height, k, radius, R ;. offset, Ad, and frac-
tion of the debris, FF for the three debris regions
(see Figure 8-18), are found to be:

Debris hg Ry A,
Region (km) (km) (km) FF
1 390 170 75 0.25

2 550 500 125 0.2
3 390 170 75 035

Debris region 1 is centered 75 km magnetic
north of the burst point. The ground range, D,
between the debris center and the point where
the propagation path intersects 65 km is 1000 ~
75 = 925 km. Thc ground range between the
center of debris region 2 and the propagation
path is 875 km. Debris region 3 is offset 75 km
south of the conjugate of the burst point and is
toc far from the propagation path to produce
gamina ray ionization.

b. The quantity R ‘for debris region 1 is:
/ 1/2
R} =[D* + (ny - 60
=[ 92512 + 3302] = 980 xm.

c. The debris region 1 fission yield is:
'r1 = FF; Wgp = 0.125 Mt

d. From Figure 8-46, [,; is 2 x 107 watts
m? for Wg; = 0.125 Mt, 1 = 3600 sec, and
R; = 980 km.

e. From Figure 8-47,C, 1 is | for(D-R,)
=775 km and h; = 390 km.

f.1y=Cly;=2x 10°% watts m™=.

g. The quantity R "for debris region 2 is:

R; = [(875)* + 4902]"* = 1000 km

h. The debris region 2 fission yield is:
Wg, = FFy, Wgp = 0.1 Mt

i. From Figure 8-46, I,,5 is 1.5 x 107 watts
m? for Wgy = 0.1 Mt, £ = 3600 sec, and R,
= 1000 km.

j. From Figure 8-47,C,5 is 1 for (D-R,)
=375 km and hy = 550 km.

k. L= Cyplyy= 1.5 % 107 wattsm.
LI =l t1,,=35% 10" watts m2.

m. From Figure 8-48, A.; =1 dB for /,
=3.5 x 10”5 watts m™2 and f = 30 MHz.

n. A, =A.; sec 8 =3 dB.

Answer: The one-way path absorption for
a 30 MHz signal propagating on a path as de-
scribed above 60 min after a daytime burst
(Wg = 0.5 Mt) is 3 dB. If the propagation path
had been located near the conjugate of the burst
point, gamma rays from debris regions | and 2
would not reach the path, and only debris region
3 would have been considered.
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- Reliability - The procedures given for

computing absorption due to gamma ray ioniza-
tion are based on simplified-debris, atmospheric-
chemistry, and geometry models. More detailed
models are required for most radar and communi-
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cation system problems.

Related Material- See paragraphs 8-3,
8-8, 8-13, 8-14, and 8-15, and Problems 8-1,
3-2, and 8-3.
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Problem 8-7 Calculation of Absorption Outside the Fireball Due to Beta Particies .

- Figures 8-49 through 8-51 ars used to
estimate the absorption outside the fireball region
caused by beta particle ionization when the
fission debris is above 60 km. If the debris is be-
low 60 km, the absorption caused by beta parti-
cle ionization can be computed by the methods

desgribed in Problem 8-4.
ﬁ When the fission debris is above 60 km,

the location of the beta particle absorption region
with respect to the debris region is determined
by the geomagnetic field (see paragraph 8-4).
Most of the absorption occurs between the alti-
tudes of 60 and 80 km. The predictions of ab-
sorption apply to beta particle radiation from
fission debris that is uniformly distributed in a

thin pancake-shaped region.
ﬁ Qbtain the debris altitude, A d° and debris

radius, R ;, by the methods described in Problems
8-1, 8-2, or 8-3. If the detonation altitude, ,‘o’
is greater than 85 km and the time after burst is
greater than 10 minutes, determine the maximum
debris altitude, hm (km). Compute h:

ho < 85 or if
h = hd
I:u 2 85 and r < 10 minutes.

h=h, h, = 85 and ¢ > 10 minutes.
Enter Figure 8-49 with h and ¢, the magnetic
dip angle at the burst point to obtain Aﬁ, the
offset of the beta particle absorption region, If
the magnetic dip angle at the burst point is not
known, it can be obtained from Figure 8-54 as

described in Problem 8-9.
Q There are two beta particle absorption

régions for each debris region; one is in the burst
region and is offset a distance Ag from ground
zero toward the nearest magnetic pole (see Fig-
ure 8-49) and the other is in the conjugate
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region and is offset from the conjugate of ground
zero toward the nearest magnetic pole. Location
of the conjugate of ground zero can be estimated
from Figure 8-53 as described in Problem 8-8.
The horizontal extent of the beta particle ab-
sorption region is approximately the same as that
of the debris r=gion (this neglects convergence of
t enetic field).

If the propagation path passes through a
beta particle absorption region, the one-way
absorption can be found by the following pro-
cedure:

1.  Determine the debris region fission yield,
We:
F-

Wp = Wg h, < 120 km

Wg = FF Wg  h, > 120 km
where FF is the fraction of the total weapon fis-
sion yield in the debris region (see Problem 8-3).
2. Enter Figure 8-50 with debris region fis-
sion yield, Wg, time after burst, ¢, and debris
radiug, R 4, to obtain Mg. If the propagation path
passes through more than one beta particle ab-
sorption region, compute the value of NB for
each region and use the sum to compute the one-
way vertical absorption.

3. EnterFigure 8-51 withNg, the frequency,
f, and the time of day (day or night) to obtain
Ag, the one-way vertical absorption, Compute
Ag, the one-way absorption:

AB = Aﬁ’ sec 0,

where sec 6 is the secant of the angle of incidence
of the propagation path at 65 km which may be
determined by the methods described in Problem
8-10.




Example I-

Given: A 1 Mt weapon, 50% fission, deto-
nated at an altitude of 80 km at a location where
the magnetic dip angle is 60° during daytime.

Find: The one-way absorption resulting
from beta paiticle ionization for a 400 MH:z
signal 5 min after burst if sec 8 = 3.

Solution:

a. By the metiods described in Problem
8-1, the debris height and radius are determined
10 be:

hy
Ry

305 km,
200 km.

b. Since ho <85 km,
h = }zd = 305 km.

¢. From Figure 8-49, Ag = 150 km for
= 305 km, and 8 = 60°.

d. Since ho <120 km,
w,; = Wg = 0.5 Mt

e. From Figure 8-50, Ng = 4 x 107 betas
em? sec”! for w;c = (0.5 Mt, ¢t = 300 sec, and
R; =200 km.

{. From Figure 8—51,A5' = 2 dB; therefore,
Ag = Ag sec 8 = 6 dB.

Answer: There are two absorption regions
caused by beta particle ionization. One is in the
burst locale and is centered 150 km towards the
nearest magnetic pole. The other is on the op-
posite side of the magnetic equator and is cen-
tered 150 km towards the nearest magnetic pole
from the conjugate of the-burst point. The hori-
zontal radius of each absorption region is 200 km.
The one-way path absorption for a 400 MHz
signal passing through either absorption region
is 6 dB.

Example 2
iven: A 1 Mt weapon, 50% fission, deto-
nated at an altitude of 300 km at a location

where the magnetic dip angle is 60° during day-
time.

Find: The one~way absorption resulting
from beta particle ionization for a 40 MH:z
signal 60 min after burst if the ground terminal
is at burst ground zero, the propagation path is
at an elevation of 15° along a zero degree mag~
netic azimuth, and sec 8 = 3.4,

Solution:

a. By the methods described in Problem
8-3, the height, hd, radius, Rd, maximum alti-
tude of rise, and fraction of the debris, FF, for
the three debris regions (see Figure 8-18) are
found to be:

Debris hd Rd hm
Region (km) (km) (km) FF
1 390 170 550 0.25

2 550 500 800 0.2
3 390 170 550  0.35

b. Since ho > 85 km and ¢ > 10 min:

hy = h,; = 550 km,
hy = hp, = 800 km,

ml

c. From Figure 8-49, the beta particle ab-
sorption region offsets are:

Aﬁl = 300 km,
Agy = 450 km,

d. Since WF = 0.5 Mt, the fission yields
contained in the debris regions are:

Wi = 0125 M,
Wip = 0.0 Mt,
Wiz = 0.175 Mt.




e. Entering Figure 8-50 with the debris
radii from “a,” the fission yields from *d,” and
a time f = 3600 sec, the following values of Nj
are obtained:

Nyp = 10° betas em? sec?,

Ngz = 8 x 10* betas em™? sec”,
o [ -2 ~1

Noo = 175 x 10° betas cm™ sec™,

f. Asketchof the location of the absorption
regions in the burst locale caused by beta particle
ionization is shown in Figure 8-52. The propa-~
gation path chosen for this example traverses the
ahsorption regions caused by all three debris
regions. Thus, the values of NB for each debris
region are added together before finding the
absorption.

NB = Nﬁ] + N,BZ +Ng3

=28 x 105 betas cm™ sec’!

8-82

g. From Figure 8-51, the one-way vertical
absorption for a 40 MHz signal is

Aﬁ' = 40 dB

and
Aﬁ = Aﬂ sec 8 = 136 dB.

Answer: The one-way path absorption for
a 40 MHz signal propagating on the path as de-
scribed above 60 min aftera I Mt (Wg = 0.5 Mt)
daytime burst at 300 km is the sum of the ab-
sorptions caused by all three debris regions and
i dB.
eliability . The procedures given for
computing absorption due to beta particle ioni-
zation are based on simplified debris, atmospheric
chemistry, and geometry models. More detailed
models are required for most radar and com~
munication system problems.
Related Material See paragraphs 8-4,
8>y, 8-8, 8-13, 8-14, and 8-15, and Problems
8-1, 8-2, and 8-3.
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Problem 8-8 Magnetic Conjugate Map .

Figure 8-53 presentsthe location of geo-
magnetic conjugate points on the earth’s surface.
Using the geographic coordinates of a given point,
enter Figure 8-53 on the straight-line rectangular
grid, and read the geographic coordinates of the
magnetic conjugate point on the heavy curved
g

In reading Figure 8-53, note that the
east-west curved dashed lines indicate conjugate
iatitude, plus for degrees north latitude and minus
for degrees south latitude. Similarly, the north-
south curved solid lines indicate conjugate longi~
tude, plus for degrees east longitude and minus
for degrees west longitude:

Example‘}u

iven: Geographic coordinates 45°N, 77°W

(point near Ottawa, Canada).

Find: The coordinate of the conjugate point.

Solution: The given ccordinates occur at
the intersection of the -71° and -93° heavy grid
lines.

Answer: The approximate geographic coor-
dinates of the conjugate point are 71°S and 93°W.

Reliability In addition to uncertain-
ties in the geomagnetic field, distortions of the
geomagnetic field caused by the burst may per-
sist for tens of seconds. Thus, ihe locations of
conjugate debris and beta particle ionization
regions may be significantly different than pre-
dicted by Figure 8-53.

Related Materia' See paragraph 8-4.
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Figure 8-54 presents the geomagnetic dip
angle (declination) as a function of the geographic
coordinates of a position on the earth’s surface.

-, Example-

Given: A point with geographic coordinates
40" N iatitude, 100°W longitude.

Find: The geomagnetic dip angle.

Answer: From Figure 8-54 the magnetic

Problem 8-3 Geomagnetic Dip Angle Map -

dip angle is 70°.

Reliability
geomagnetic dip angle for undisturbed magnetic
field conditions. The geomagnetic field may be
distorted for tens of seconds after a nuclear
detonation, Therefore, the locations of the debris
and beta particle ionization regions may differ

Figure 8-54 shows the

significantly from those predicted by Figure 8-54.
Related Materia See paragraph 8-4.
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Problem 8-10 Secant 6 Chart .

- Figure 8-55 presents the secant of the
angle of incidence of a ray path at 65 km alti-
tude as a function of elevation angle or distance
from the ground terminal to E- and F-region
reflection points. The angle of incidence, 6, is
illustrated in the sketch in Figure 8-53.

Example 1

Given: A propagation path witha 10-degree
elevation angle ().

Find: The horizontal distance from the
ground terminal to the point where the propa-
gation path intersects 65 km altitude, and the
secant of the angle of incidence 0 at the inter-
section.

Solution: Enter Figure 8-55 on the line slop-
ing downward to the right labeled 10 degrees.
Locate the intersection of this line with the line
sloping upward to the right labeled 2 = 65 km.
The abscissa of this intersection is the horizontal
distance. and the ordinate is secant @.

Answer: The horizontal distance from the
ground terminal to the point where the propa-
gation path intersects 65 km altitude is 320 km.
The secant of the angle of incidence at the inter~

section is 4.6.
* Example 2 '
iven: A HF propagation path that reflects

from the F-region (300 km), 1500 km from the
ground terminal. i}
Find: The horizontal distance from the

ground terminal to the point where the propa-
gation path intersects 65 km altitude, and secant
@ at the intersection.

Solution: Enter the abscissa of Figure 8-55
at 1200 km. Proceed upward to the line labeled
F-region Reflection Altitude (300 km). Note the
elevation angle (B) corresponding to this poins.
Find the intersection of the elevation angle line
with the line labeled D-region Absorption Alti-
tude (65 km). The abscissa of this i..tersection
is the desired horizontal distance, and the ordi-
nate is secant 0.

Answer: The horizontal distance from the
ground terminal to the point where the propa-
gation path intersects 65 km altitude is 500 km.
The secant of the angle of incidence at the inter-
section is 6.

Reliability . The curves of Figure 8-55
are accurate for the simplified geometry assumed;
however, the D, E, and F absorption and re-
flection altitudes are not single lines but occupy
a volume of space which changes in Ititude with
time of day and which may be affected by solar
activity, Therefore, more detailed models are
generally required for radar and communication
system problems.

Related Marerial - See paragraphs 8-1,
-3, 8-4, 8-6, 8-7, 8-8, and Problems 8-l
through §-6.
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